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ABSTRACT 

The paradox of Einstein, Podolski and Rosen was evoked to point out 'the 
incompleteness of quantum mechanics. The idea was that the predictions of 
quantum mechanics could not be trusted in cases where it contradicted the 
principle of local realism. This principle has normally been considered close- 
ly connected to theories of local hidden variables, although this connection is 
not drawn in the Einstein, Podolski, Rosen paper. It is argued in the present 
paper that recent experiments by Aspect and others, although they have confir- 
med quantum mechanics and disproven local hidden variables through the appli- 
cation of Bell's inequalities, have neither disproved the incompleteness of 
quantum mechanics nor the general principle of local realism. By applying the 
principle of synechism with the methods of semiotics invented by the american 
philosopher C. S. Peirce it is shown that it is possible to define "local rea- 
lism" by continuity of interaction such that quantum mechanics itself is local 
realistic without hidden variables. As a consequence of this viewpoint it is 
shown that the validity of the quantum formalism in cases where it contradicts 
Bell's inequalities will depend on the connectedness, through coincidence 
counters or similar devices, of the experimental device. It is suggested that 
an experiment like the first of Aspect's but without these connections will 
lead to results in accordance with Bell's inequalities. 
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1. The completeness of quantum theory . 

The philosophical debate concerning the Einstein-Podolski-Rosen (EPR) 

paradox ' has reached a new climax recently. Based on Bell's operational 

2. 
conception of Einstein-locality several successful experiments have 

3. 
vindicated quantum mechanics ' . Most convincingly the series of experiments 

performed by Aspect and coworkers have demonstrated the validity of the quan- 
tum mechanical formalism " . 

Still, the original question posed by Einstein, Podolsky and Rosen "Can 
Quantum Mechanical Description of Physical Reality be Considered Complete?" 
remains unanswered. The question of completeness regarded experimentally can 
only give a clear answer by contradicting quantum mechanics, an experimental 
affirmation can never with certainty lead to the conclusion that quantum me- 
chanics is complete. The belief in the completeness of the theory as expressed 
by Niels Bohr seems to be widespread in the physical community, to a 
degree such that many would deny that an alternative outcome of Aspect's ex- 
periments is thinkable and that such experiments therefore are of only slight 
interest. 

Because completeness cannot be proven experimentally, belief in it can 
only be maintained by pure conviction, or on logical grounds. A logical proof 
of completeness for a physical theory like quantum mechanics would probably 
be more difficult to establish than a completeness proof for a mathematical 
theory, say the theory of whole numbers, for two reasons: First, the mathema- 
tical theory is a part of the physical theory, and, second, the semantical 
questions of interpretation of the physical symbols are much more intricate 
than the interpretation of mathematical symbols. A formalism cannot prove' it- 
self with formulae alone, and questions of consistency and completeness are 
meaningless unless an interpretation is provided so one cannot escape from 
problems of semantics or semiotics. In mathematics and formal logic an inter- 
pretation is normally considered as context-free and formally treated like a 
mapping of the symbols of the language onto the objects in a domain under in- 
vestigation ' . In physics, however, and especially in quantum mechanics, an 
interpretation is highly dependent on the context of measurement and does 
really not exist without this context. This important semantic thesis of 
quantum mechanics was stressed by Bohr in his answer to EPR : 

"There can be no question of any unambiguous interpretation of the 
symbols of quantum mechanics other than that embodied in the well- 
known rules which allow to predict the results to be obtained by a 
given experimental arrangement described in a totally classical way." 
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Although Bohr claimed to have refuted the EPR conception of incomplete- 
ness, it looks as if the above quotation indirectly points to another sign 
of incompleteness. If the meaning of the wave function can only be grasped on 
the basis of a classical description of a measuring apparatus then it is pre- 
supposed that sufficiently ideal measuring equipment can be designed and built, 
but it is dubious if quantum mechanics proper can give us an exact descrip- 
tion of the demands to be met by a measuring apparatus in order for it to be 
"sufficiently ideal". After all, it is thinkable that an experimental physi- 
cist who is convinced of the validity of quantum mechanics could perform an 
experiment with a result in disagreement with the formalism. Such an experi- 
ment could not be used as a reference for defing the meaning of the wave 
function because, presumably, something is wrong with the apparatus, and, 
according to Bohr, it should be possible to define "in a totally classical 
way" exactly what the error is. Bohr's definition of the meaning of the wave 
function points to the existence of a conceptual discontinuity, a "cut" 
associated with the physical location of an "interface" beyond which a quan- 
tum description is meaningless, and this of course would mean that quantum 
mechanics is incomplete, although in another sense than that implied by the 
EPR argument. An orthodox Copenhagen interpretation would hesitate before^the 
acceptance of such an incompleteness by appealing to the correspondence prin- 
ciple and the belief expressed by Bohr that the "cut" or "interface" could 
be pushed arbitrarily long inside the apparatus towards the classical degrees 
of freedom. The validity of this assumption, however, is rather dubious due 
to the difficulties encountered in the quantum description of irreversible 
processes which necessarily must be of prime importance in a measuring/ampli- 
fying device, so a theoretical proof of completeness along these lines is 
bound to run into insurmountable obstacles. 

The EPR paper was published in 1935 shortly after Godel's proof (1931) 
of the incompleteness of mathematical formal systems including Peano's axioms 
of whole numbers. Godel had shown that neither consistency nor completeness 
could be proven formally, but that consistency implied incompleteness. Prob- 
ably Einstein conceived a parallel situation with respect to quantum mecha- 
nics although he did not refer to Godel's proof. After his discussions with 
Bohr at the Solvay-meetings 1927-30 he seems to have been convinced that quan- 
tum mechanics at least was consistent in the sense that it could describe a 
limited part of the physical reality without leading to contradictions. It 
would then seem natural to look for signs of incompleteness and this should 
not be regarded as a rejection of the formalism. However, in Copenhagen the 

shift in Einstein's attitude seems to have been unnoticed, and the EPR-paper 

7. 
was considered as just another new attack on quantum mechanics 
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While the fate of incompleteness is acceptable, inconsistency, of course, 
would be disastrous. It is a common misunderstanding that the EPR paradox is 
intended to point out an inconsistency in quantum mechanics, so it is impor- 
tant to stress that the logic of the paper only points to incompleteness by 
evoking a paradox that arises as a consequence, not of the formalism per se , 
but from the metaphysical belief in the universal validity of the formalism 
even in cases where it contradicts the principle of local realism, or Einstein 
separability. The philosophical question remaining is therefore if the Aspect 
experiments can be claimed to have disproven the notion of local- realism that 
permeates the EPR paper. 

2. Local realism and connectedness . 

Due to the analyses by Bell and their follow up by Clauser, Home, Shimony, 
Aspect and others it seems tempting to conclude that theories based on object- 
ively local hidden variables have been disproved, although some small loop- 

8. 
holes exist and several authors maintain their scepticism . If local 

realism was synonymous with local hidden variables there would be sufficient 

reason to cling to theese loopholes, but there is a difference, and it is a 

main purpose of this paper to point out that quantum mechanics can be locally 

realistic without hidden variables and without strange effects associated with 

the loopholes. To the opinion of the author an experiment in the spirit of EPR 

is possible and may falsify local realism, but it has not been performed yet. 

There is a strange discrepancy between the way experiments like Aspect's 

are described in theoretical reviews and the way it is performed in reality. 

In theory one measures the correlation in polarization of two photons emitted 

in a cascade by performing two independent polarization measurements on the 

9. 
individual photons. For example, Mermin in his popular description empha- 
sizes the importance of the disconnectedness of the two individual detectors: 

"there are neither mechanical connections (e.g. pipes, rods, strings, 
or wires) nor electromagnetic connections (e.g. radio, radar, or 
light signals) nor any other known relevant connections. Irrelevant 
connections may be hard to avoid. For example, all three parts may 
sit on the same table top." ( 

For a naive consideration it is difficult to reconcile Mermin' s remark with' 

the circuit diagrams or photos of actual experimental setups from Freedman 

and Clauser to Aspect and coworkers. All these pictures show clearly that 

the two distant sets of single-particle detectors are well connected with 

solid wires to some "central black boxes", like coincidence counters and/or 

time-to-amplitude converters. Apparently, there must exist a tacit agreement 

that these connections are to be considered "irrelevant" in spite of the 

crucial role they play in the experiments. 
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This common agreement can only be justified by reference to the processes 
of amplification in the electronic devices, which according to classical 
causal logic ensures that signals are propagated easily from the single-par- 
ticle detectors to the central black boxes, but not the other way, at least 
not to a degree such that correlated signals propagating the other way could 
have any significant effect on the quantum expectations. 

The question is: is the justification given above for the irrelevance of 
Jihese connections well enough founded in a quantum^ mechanical context? Isn't 
it just in denying the possibility of a pure one-w"ay communication that 

quantum mechanics distinguishes itself most significantly from classical 

5. 
mechanics? As Bohr put it in his EPR-reply : 

" The finite interaction between the object and measuring agencies 
conditioned by the very existence of the quantum of action entails 
- because of the impossibility of controlling the reaction of the 
object on the measuring instruments if these are to serve their pur- 
pose - the necessity of a final renunciation of the classical ideal 
of causality and a radical revision of our attitude towards the 
the problem of physical reality." 

This was the viewpoint that proved itself successful in the Solvay dis- 
cussions between Bohr and Einstein (1927-30) on the consistency of quantum 
mechanics. In his reply to EPR, however, Bohr mixes it with a more "idealistic" 
or logical argument in a rather confusing manner. After having mentioned the 
EPR problem whether a measurement of the state of "particle 1" can be said 
to immediately determine the state of "particle 2" he writes: 

"of course there is in a case like that just considered no question 
of a mechanical disturbance of the system under investigation during 
the last critical stage of the measurement procedure. But even at 
this stage there is essentially the question of an influence on the 
very conditions which define the possible types of predictions re - 
garding the future behavior of the system . " 

It is not entirely clear what the connection is between the "finite 

interaction" in the first quotation and the "very conditions" in the second. 

When we make a measurement on particle 1 we have a free choice of measuring 

one or the other of two complementary properties of particle 1, e.g. position 

or momentum. The choice between the two different ways of interaction with 

particle 1 according to Bohr prohibits the use of the EPR-term "the same 

reality" for particle 2 even though this particle is not affected by any 

mechanical disturbance, and this is because quantum mechanics forces us to 

regard the whole phenomenon of preparation and measurement as possessing an 

"individuality completely foreign to classical physics". The "very conditions" 

in the second quotation thus seems to be the formalism of quantum mechanics 

associated with the philosophy of complementarity, and Bohr is trying to 
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persuade the reader to accept that quantum mechanics defines how the term 
"physical reality" may be correctly used. This is of course difficult to 
accept from a realistic standpoint: when the question is whether the quantum 
mechanical descprition of physical reality is complete then the answer that 
quantum mechanics itself defines what "physical reality" is looks like a 
philosophical shortcircuit or cheating in the game of debate. 

Apart from breaking with realism the introduction of the "very conditions" 
also manages to break with the locality principle in a subtle way. When we 
measure one or the other of the two complementary properties of particle 1 
without disturbing particle 2 then it is true that quantum mechanics gives 
an unambiguous prediction for the future behavior of particle 2, viz. a wave 
function corresponding to a pure state of that particle. The "finite inter- 
action" is in this case only involving particle 1, but it produces via the 
"very conditions" a change of state of particle 2. Bohr seems to forget that 
we still have the possibility of making an independent measurement on particle 
2 and that this would amount to a test of the formalism that can be performed 
whether one accepts the influence via the "very conditions" or not. What 
about the "finite interaction" with particle 2 that would be introduced by 
such a second measurement? Can we be sure that it doesn't produce a conflict 
with the "very conditions" if there are no physical connections between the 
two measurements? These questions are unanswered in. Bohr's article and accord- 
ing to the orthodox Copenhagen interpretation of quantum mechanics one is 
really not allowed to ask such questions. Now that experiments have been 
performed of which the majority confirm quantum mechanics there is a danger 
that such a prohibition will be enforced to prevent a closer theoretical 
study of the measurement situations and the semantics of quantum theory. 

It is tempting to compare Bohr's two conflicting (?) points of view, the 
physical and the logical, from the standpoint of the so called synechistic 

philosophy created by the great american thinker C. S. Peirce (1839 - 1914) 

10. 

. The synechism of Peirce is based on semiotics , the logic of signs and 

relations, and on the belief that our symbolic concepts in the physics are 

10c. 
connected with other signs in a psycho-physical continuum . Ideas inter- 
act with matter by close contact, says Peirce, and in particular, the process 
of measurement establishes the point of contact between the symbolic signs 
of physics and the indexical signs of nature. Undoubtedly Peirce, if he had 
had the possibility of studying the Einstein - Bohr discussion, would have 
supported Bohr's physical viewpoint (as well as his thesis that God plays 
dice), but he would probably not support Bohr's logical viewpoint in the last 
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quotation, because it tries to circumvent a synechistic explanation. 

There is also another point in the last Bohr-qoutation that disagrees 
with Peirce's general philosophy. The "very conditions" Bohr speaks about are 
formulated by quantum mechanics, so the argument bites itself in the tail 
and tries to persuade the reader to believe that quantum mechanics is complete, 
almost by definition. According to Peirce (and later, Karl Popper) the best 
criterion for the genuine scientific status of a theory is its "fallibility" 
i.e. its ability to put, .its ideas to a crucial test that conceivably might 
falsify" the theory. " - 

The synechistic philosophy of Peirce is very general definition of local 
realism. By combining it with relativistic ideas of the absence of "action at 
a distance" and the finite limiting velocity of signal propagating it is 
further sharpened to encompass the notion of Einstein separability. There is 
no conflict between synechism and modern quantum field theory because the 
latter is built upon the synechistic principle of local interactions. The 
integrity of Peirce's philosophy is exhibited by the observation that EPR 
experiments can be regarded as falsification tests of synechism. If the 
Aspect experiments can be said to have falsified synechism it is of course 
on a very isolated point having to do with the ill understood process of 
quantum collapse but with no direct consequence for the wave equations, but 
still, the consequences of such a falsification would be serious because it 
would undermine the locality principle of quantum field theory and open up 
for wild speculations apparently with no connections to the main body of 
physics. 

However, the lack of connectedness in the ideal EPR experiment and the 
strong connectedness in the real experiments pointed out above leads to the 
idea that a synechism- falsifying experiment has not yet been performed. A 
synechistic explanation of the quantum mechanical correlations observed in 
the Aspect experiments based on the connectedness of the experimental equip- 
ment would be in the spirit of Peirce's (and also in the earlier spirit of 
Bohr's). Also, it would indicate directly how the crucial experiment could be 
performed, e.g. by literal implementation of Mermin's remark on the absence 
of connections. 

3. Causal logic of the quantum collapse . 

The abrupt changes described as quantum jumps has since Bohr's early 
theory of the hydrogen atom been a major obstacle to the visualization of 
quantum mechanical concepts, alien as it is to our intuitive notion of con- 



-7- 



tinuity expressed in Leibniz 1 thesis Natura non facit saltus . Bohr was pain- 
fully aware of the difficulty but insisted that it has no meaning to think 
of an electron in a state during. the jump in between stationary states. Later 
developments softened this view but the irreducible quantum jump survived in 
the process described as the collapse or the reduction of the wave function 
in connection with measurements. 

A philosophical "explanation" of the collapse as a transition from poten- 
tiality to reality is easy to formulate but difficult to be satisfied with 
in the long run, because of the lack of clarity of these two philosophical 
terms. The striking success of using the concept of a wave function to explain 
phenomena like superfluidity and other macroscopic effects has shown the wave 
function as much more real than a mere potentiality or a way of expressing 
our predictions for hypothetical measurements. The problem is that mutually 
exclusive or complementary "potentialities" have ways of expressing themselves 
as "real" in other ways than by proper measurements (one of the main points - 
of the EPR paper) . If one can perform a measurement in one point of space 
and thereby specify which potential property is realized in another point 
without physical connections to this other point then it is difficult to 
avoid thinking that the potentialities are somehow real before the measure- 
ment. On the other hand it leads to contradictions if one tries to erase the 
distinction between wave functions and probabilities as shown by v. Neumann. 
It is as if the wave function in an uncanny way knows in advance which of its 
latent possibilities will be realized by an experiment, and this has lead to 
many strange ad hoc theories of "backward causality" or "splitting universes". 

As stressed by Bohr the classical notion of causality must be abandoned 
when we discuss the quantum mechanical measurement process. The classical 
idea of cause-effect relationship is based on the assumption that signal 
variables exist, having definite numerical values independent of our measure - 

ments. This assumption was already heavily criticized by Peirce in 1892 in 

10b. 
"The Doctrine of Necessity Examined" . Peirce' s viewpoint is that the 

meaning of a symbol like a number on a continuous scale, with uncertainty 
inherent, exists only in the context of a measurement and a statistical pro- 
cedure. Therefore, we ought to drop the idea that exact numerical values of 
continuous quantities exist by themselves in nature as well as the idea of 
exact (classical) causality, and we must allow God the freedom to play dice: 

"Those observations which are generally adduced in favor of mechani- 
cal causation simply prove that there is an element of regularity 
in nature, and have no bearing whatever upon the question of whether 
such regularity is exact and universal, or not. Nay, in regard to 
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this exactitude , all observation is directly opposed to it; and the 
most that can be said is that a good deal of this observation can 
be explained away. Try to verify any law of nature, and you will 
find that the more precise your observations, the more certain they 
will be to show irregular departures from the law. We are accustomed 
to ascribe these, and I do not say wrongly, to errors of obser- 
vation; yet we cannot usually account for such errors in any ante- 
cedently probably way. Trace their causes back far enough, and you 
will be forcedto admit they are always due to arbitrary determination, 
or chance . " 

Bohr emphasized that it is the" finite interaction between the object and the 
measuring agencies that necessitates a break with classical causality, and 
in doing this he revitalized ideas that Peirce had formulated more than 40 
years earlier; ideas that in Peirce' s time were too revolutionary to be re- 
cognized as more than crackpot philosophy and had been almost completely for- 
gotten in the meantime. 

Bohr, in his philosophy of complementarity and especially in his doctrine 
of the irreducible quantum jump and the breakdown of classical causality, was 
probably inspired, if not directly influenced, by the danish existentialist 
religious philosopher Soren Kierkegaard who around the middle of the 19th cen- 
tury made some highly original contributions to the logic of concepts in theology 
and psychology. Kierkegaard had an important inspiration in common with Peirce: a 
fascination of Hegel's dialectical philosophy that later resulted in a thorough- 
ly antagonistic attitude towards it. In several books Kierkegaard emphasizes 
the freedom of choice as a "qualitative jump" that cannot be analyzed by 
linear causal reasoning. There is no question af any Hegelian ot Marxian 
turnover of quantity into quality. In "The Concept of Dread" (1844) he de- 
scribes the need and the difficulty of another type of bootstrapping circular 
causality in connection with the jump: 

"This jump is furthermore setting the quality, but when the quality 
is set in the same moment the jump turns into the quality and is 
preset by the quality. This is an offence to our reason, ergo it is 
a myth. Accordingly reason itself invents a myth denying the jump 
and laying out the circle in a straight line, whereby everything 
proceeds naturally." 

In pointing out a possible influence from Kierkegaard to Bohr ' the 

author is well aware that professional philosophers have denied the existence 

11a. 
of such a relation ' . Also, that Bohr in his later years had a sceptical 

attitude towards the entire subject of philosophy. The dominating positivis- 

tic philosophy in the 20th century seems to have encouraged the attitude 

that physical science was shaped by the observation of the facts in nature 

and not by philosophy. However, Bohr's philosophy of complementarity was 

made in his younger years when he was not so sceptical and, according to many 
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witnesses, even before the crucial empirical facts of quantum physics were 
established. On a non-positivistic background as Peircean semiotics or Kier- 
kegaard's conceptual logic it seems not so strange that our language exhibits 
relational invariances over different subjects and that a psychological 
problem may have something in common with the "very conditions" for making 
statements in physics. 

Especially after the Aspect experiments it has become generally accepted 
that the "Copenhagen interpretation" of quantum mechanics stand successfully 
and unrefuted against its competitors. However, what one calls "the Copen- 
hagen interpretation" is nowadays often confused with a dogmatic faith in 
the universal validity (completeness) of the formalism and unwillingness to 
discuss the semantics of alternative interpretations of the wave function. 
Although, undoubtedly, Bohr in his answer to EPR has contributed to this mis- 
interpretation , it is clearly against His earlier philosophy of complemen- 
tarity. This epistemology which more than formalism is centered in Copenhagen 
has never really made its impact on main-stream physics outside this city. 
Copenhagen in the 19th century was more like a village where everybody knew 
each other and made far reaching cross-disciplinary ventures uniting the arts 
with science and philosophy. This is the essence of the "Copenhagen schools" 
that have emerged in psychology (Rubin), linguistics (Brondal, Hjelmslev), 

•i 1 u 

and physics (Bohr) ' , but of course it cannot easily be translated to 
the international community. 

The early success of the Copenhagen school in quantum physics was due to 
a fruitful mergeance of philosophical ideas resulting in a mathematical 
formalism. Later, it seems unfortunately, that its proponents (e.g. J. A. 
Wheeler) have decided to believe in the universal validity of the formalism 
and extrapolate it ad absurdum in order to dictate a philosophy. The. opposite 
trend, a return to epistemology and a semantic effort to understand the mean- 
ing and the limitation of the formalism (e.g. Bell, d'Espagnat, Shimony) is 
still going on but has found its major inspiration in ideas from outside the 
circle of Copenhagen, e.g. in Bohm's continuing search for hidden variables. 
This latter trend has been the driving theoretical force behind the experi- 
ments, and it would be a sad fate if the experimental results should drain 
the energy from it and further a formalistic petrification in the name of 
Copenhagen. 

It is the impression of the present author that the means of formalistic 
expression are still as inadequate as ever to deal with ideas like Kierke- 
gaard's of the qualitative jump and Bohr's concept of complementarity. The 
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only way to go is back to natural language and forward again with a new and 
more adequate formalism based on the parts of conceptual logic that have 
been overlooked and suffocated by the present formalism. 

A symptom of the present state of affairs is the way the word "interaction" 
is used in physical textbooks and journals. A discussion of "interaction" is 
nowadays considered synonymous with the formalistic task of choosing the suit- 
able Lagrangian or Hamiltonian function. This is rather contrary to the meaning 
of the word, for in cases where the influence from the environment (the labora- 
tory) on the quantum mechanical system can be described with a Hamiltonian it is 
presupposed that what Bohr calls "the reaction of the object on the measuring 
instruments" can be neglected, i.e. there is no inter action but only action of 
classical fields. 

A formalism that operates only with equations of symbolic expressions 
can never really penetrate behind the idea of classical mechanic causation, 
so any attempt to solve the measurement problem of quantum mechanics by pro- 
posing a new set of equations, perhaps based on fancy Harniltonians, are doomed 
from beginning. Kierkegaard and Peirce were aware of the conceptual logic 
leading to this conclusion long before the dawn of the new physics. For Kier- 
kegaard it resulted in a rather hostile attitude towards all formal systems, 
whereas Peirce from about 1880 to his death in 1914 was engaged in a grand 
attempt to formalize his ideas in the framework of relational logic and 
semiotics. Peirce did never complete his great system (just like Archimedes 
who never completed physics) and important parts of it are probably still 
buried in his vast heaps of papers awaiting publication hopefully within the 
next 10 or 20 years. 

The fragments of Peirce' s system that have been published have already 

proved its applicability. One of the most interesting applications in physics 

12. 
of semiotic and synechistic ideas was described by H. M. Paynter in 1961 

Paynter's formalism is based on the primitive notion of energy bonds or inter- 
action-bonds. Physical systems are described with bond graphs exhibiting 
their structure of interaction relations and very similar to the bond graphs 
used by Peirce for anlysis of the relational logic of sentences in natural 
language. The bond graph notation of physics has mostly been applied to prob- 
lems in engineering and biophysics, i.e. in classical situations where an 
interaction bond can be translated to two oppositely directed signals whose 
product is the rate of energy transfer from one conceptual lump of the system 
to another. However, the basic philosophy of interaction bond graphs is that 
the concept of interaction is more fundamental than signals and classical 
causation. We can use bond graphs classically to derive equations of motion, 
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e.g. Hamiltonian, thermodynamic, hydrodynamic equations, or the Schrodinger 
equation, i.e. all sorts of well known physical equations, but more important, 
they give us a means of expression behind equations to be used in situations 
where a translation to equations would miss the point. 

4. Categories and triadic relations . 

A basic element in Peirce's philosophy is his doctrine of three funda- 
mental categories: firstness, secondness, and thirdness. The following quo- 

10a. 
tation is from his paper "The Architecture of Theories" (1.891) ' : 

"Among the many principles of Logic which find their application 
in Philosophy, I can here only mention one. Three conceptions are 
perpetually turning up at every point in every theory of logic, 
and in the most rounded systems they occur in connection with one 
another. They are conceptions so very broad and consequently in- 
definite that they are hard to seize and may be easily overlooked. 
I call them the conceptions of First, Second, Third. First is the 
conception of being or existing independent of anything else. Se- 
cond is the conception of being relative to, the concention of 
reaction with, something else. Third is the concept of mediation, 
whereby a first and an second are brought into relation". 

The aim of Peirce in this paper is to demonstrate that philosophical 
systems cannot start from scratch and be safely built on "happy thoughts 
which have accidentally occured to their authors". On the contrary, the phi- 
losopher who wishes to build an endurable structure 

"should take note of all the valuable ideas in each branch of 
science, should observe in just what respect each has been success- 
ful and where it has failed, in order that in the light of the 
thorough acquaintance so attained of the available materials for 
a philosophical theory and of the nature and strength of each, he 
may proceed to the study of what the problem of philosophy consists 
in, and of the proper way of solving it." 

Of course the idea of the three fundamental categories is one of Peirce's 
own "happy thoughts", but he considers it important to show how they crop up 
in various philosophical systems and sciences. As a very well known example 
one could take Fichte's dialectical formula: 

1. Thesis. 2. Antithesis. 3. Synthesis. 
Or we could take an example from Chinese philosophy: 

1. Yang, the creative. 2. Yin, the receptive. 3. Tao, the way, 
with the well known symbol that was adopted by Bohr as his heraldic sign to- 
gether with the motto: Contraria sunt complementa. Other examples, given by 
Peirce are: 

"In psychology Feeling is First, Sense of reaction Second, General 
conception Third, or mediation. In biology, the idea of arbitrary 
sporting is First, heredity is Second, the process whereby the ac- 
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cidental characters become fixed is Third. Chance is First, Law 
is Second , the tendency to take habits is Third. Mind is First, 
Matter is Second, Evolution is Third." 

It should be clear from these examples that Peirce uses his three cate- 
gories ontologically to clarify the essential nature of concepts which he 
considers as parts af reality. However, his point of origin is not ontology 
but rather epistemology and the analyses of structures in language and rela- 
tions of signs. Ideas of ontology cannot be proven logically but are chosen 
and the best choice is one that acknowledges as real the concepts that" are 
indispensable in the logical, epistemological analysis. The resulting onto- 
logy for Peirce is therefore an objectively idealistic realism in sharp con- 
trast with the nominalism that has dominated anglo-saxon empirical philosophy 
and positivism. 

The three categories of Peirce 's ontology are direct descendants from 

his early discovery in the logic of relatives: the fundamental importance of 

the triadic relations, i.e. relations between three different signs. Earlier 

logic suffered from the illusion that semantics could be reduced to dyadic 

relations of two signs, such as a word pointing directly to its object, and 

accordingly, following Aristoteles, it was mostly occupied with the study of 

subject-predicate sentences like "the apple is red" and in one-dimensional 

logical chains that could be classified in a finite family of syllogisms. An 

important member of this family is the syllogism known as Barbara : 

all A is B 
all B is C 

ergo: all A is C 
In the beginning Peirce believed in Barbara as the most important element of 
reasoning, and his analyses of how other family members could be reduced to 
Barbara is an important step towards the theory of mathematical quantification 
which he developed independent of G. Frege. Soon, however, inspired by his 
friend de Morgan, he realized the limitations of one-dimensional reasoning 
based on dyadic relations and began to visualize logical and linguistic 
structures as networks in more than one dimension. 

The crucial insight that the triadic relation is fundamental can be 
formulated as a theorem of discrete topology (analysis situ). A network (a 
linear graph) where every node has only two incident branches is one-dimen- 
sional, i.e. in higher dimensional networks some nodes must have at least 
three branches. If we consider an electrical network in more than one dimen- 
sion it can always be deformed to an equivalent structure where every node 
has at most three branches, and in the dual representations we can similarly 
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reduce'the structure such that no mesh has more than three branches. The 
mathematical description of the topology of an electric network thus reduces 
to one triadic relation: addition with two operands and one resultant by the 
application of Kirchhoff's current law (for the nodes) and Kirchhoff's voltage 
law (for the meshes). 

In the more complex case of sentences of natural language we must hunt 
for genuine triadic relations that cannot be reduced to dyadic relations, 
says Peirce, and if we encounter relations of more than three signs (words, 
concepts) then it must be possible to reduce these to triadic relations and thus 
rewrite the sentence such that the transformed sentence has exactly the same 
meaning as the original one. This he then demonstrated with examples using 
the technique of bond graphs. 

The most general type of a genuine triadic relation is an asymmetric one 
such that each of its constituent signs play a special role determined by 
its place in the relation. In bond graph notation we can depict such a rela- 
tion as an asymmetric node resembling an idealized concept of an electronic 
device with three ports: 1. input, 2. output, 3. control. The signs entering 
the relation are depicted as lines, the bonds, entering the ports: 




Fig. 1 Bond graph representation of triadic relation. 

In this way we also represent the proper relational logic meaning of 
Peirce 's three fundamental categories 1, 2, 3 as "ontologization" of the 
triadic relation. His idea is that this structure is basic to everything we 
can speak about and perceive as real, and it is the same structure that 
applies whether we analyze the most trivial model sentences such as "John 
gives John to John" or we speak of the highest concepts in theology such as 
the trinity of Christianity. 

All relations are relations between signs, hence the close connection 
between the logic of relatives and semiotics, the theory of signs. But what 
is then a sign? Peirce says that a sign is something that refers to an object 
in the general context governed by an interpretant . When we speak of a sign 
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and its meaning we are thus referring to a genuine triadic asymmetric, rela- 
tion, the sign relation, and this is the proto-type of relation of which all 
other relations are but more or less degenerate copies. Thus we are led into 
a definitorical circle of signs and relations (as for example when we speak 
of parts and wholes). It is the same proto-type of relation that defines the 
three categories, so Peirce can define "a sign" by referring to the categories 
in the following infamous quotation that probably has scared many away from 
a closer study of semiotics: ---:.-- 

"A sign, or Representamen, is a First which stands in such a 
genuine triadic relation to a Second, called its Object, as to 
be capable of determining a Third, called its Interpretant, to 
assume the same triadic relation to its Object in which it stands 
itself to the same Object." 

One of the same things Peirce manages to say with these few words is 
that the interpretant itself is a sign referring to the same object as the 
primary sign. The strange haunting quality of the formulation above is due 
to the words "same" and "itself" pointing to a reflexive property of the 
interpretant. The interpretant must in fact contain a notion of itself as a 
sign that refers to the same object as the primary sign. The property of 
reflexivity is very important in Peirce' s definitions and he would never have 
subscribed to Russell's and Whitehead's typology of languages and meta- 
languages where reflexive sentences are forbidden in order to avoid paradoxes. 
The sign relation being a genuine triadic relation can degenerate in three 
ways towards (almost) dyadic relations, and in this way we can define three 
types of degenerate signs: 
1. Icons , that are signs understood by their own intrinsic properties where 

the object is nonexisting or "covered" by the sign, e.g. pictures, music. 
2- Indices , that point directly to the object by reference or physical con- 
tiguity, e.g. a footprint in the sand. Indices are rather context free 
(the interpretant is withdrawn or absent) but presuppose a real object. 
3, Symbols are signs that are just triggers establishing the connection 

between object and interpretant by convention. Example: a picture of a 
fish understood to refer to the early christian society of Rome (without 
the historically delivered convention of interpretation it would be an 
icon) . 
These three types of signs are to be regarded as anchorpoints in a continuum 
of signs in order that an arbitrary sign may be analyzed for its content of 
iconical, indexical, and symbolic elements. Peirce also introduced other 
types of classification resulting in 66 different classes of signs, but the 



-15- 



three types defined above are the most important. We see them for example in 
technical diagrams where iconic parts (inductors, resistors, etc.) are clad 
with symbols (L,R,- -) and indices are used as subscripts (L , L ) to 
distinguish between variuos objects of the same kind. 

Returning now to the discussion of quantum- versus classical physics we 
can start by depicting the classical notion of causality in the bond graph 
notation referring to Peirce's categories: 



A. cause 




2. effect 



2>. action 

or process 



Fig. 2 Classical causality. 



In choosing such a pictorial (iconic) representation of abstract concepts 
we deliberately evoke the association with signal carrying wires and electro- 
nic devices. In fig. 2 above the bonds are information bonds each carrying 
one well defined signal like the voltages of the wires on the front board of 
a programmed analog computer. We know then that the description of the wires 
as information bonds is not strictly true: in reality they are energy bonds 
because physical information cannot be carried without energy transfer. Cor- 
respondingly, it cannot only be the voltages that play a role in an analog 
computer, there must also be a current in the wire in order that a process 
may develop as a result of interaction between the parts connected with the 
wire. 

In an analog computer the currents are suppressed, i.e. they have to be 
small in order that the voltages may be considered truly information carry- 
ing signals. This is achieved by the operation of active devices hidden behind 
the panel: the operational amplifiers. We say therefore that energy bonds 
have been activated , and we can state a general conception of the relational 
logic of physical systems: 

An information bond is an activated energy bond . 

An energy bond is then a physical realization of the more general concept 
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of an interaction bond. We can analyze an interaction bond by introducing 
two indexical signs for the dual concepts of effort (the voltage) and flow , 
an arrow for the flow and a stroke for the effort together with the convention 
that the index closest to a system component is considered causally independ- 
ent of that component (an input variable) but dependent (output) from the 
system component in the opposite end of the bond: (note that the arrow does 
not signify the direction of causality but only indicates the orientation 
convention for the flow) . 




f 




Fig- 3 Interaction bond connecting two system components A and B 

with dual indices of effort and flow defining the causality 
of interaction. 



We can then read the interaction causality of fig. 3 in the following way: 
The effort is output from A and input to B whereas the flow is output from B 
and input to A. In general we will expect that the output from a system is 
somehow correlated with the input, so the causal situation is that the input 
to A (f) influences the output from A (e) which is the input to B influencing 
the output from B (f) which is the input to A, i.e. a circular causality. 

If we could just translate the energy bond to two information bonds 
carrying signals the two opposite ways then we could also translate the index- 
ical signs to symbolic signal variables having definite numerical values, and if 
we knew one of these values we could presumably find the other by solving a 
set of simultaneous equations. This is the normal way to treat interaction 
bonds for classical situations and it leads back to the causality concept of 
fig. 2 except in singular cases where "causal conflicts" may arise e.g. if 
the simultaneous equations have no unique solution. However, this translation 
cannot in general be strictly valid for physical systems where we consider 
an energy bond to be a more primitive concept than an information bond. By 
our thesis above we would then translate one unactivated energy bond to two 
activated energy bonds which is to explain something simple with something 
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complicated, i.e. it may be a simulation but it is not a translation. 

In a quantum mechanical context we must accept that the energy bond is 
an irreducible concept, and information bonds belong to the classical world 
although they may influence quantum systems (classical fields). The process 
of measurement can then be thought of as a means of activation of the energy 
bonds. In this way we can obtain a synechistic understanding of how our sym- 
bolic concepts are related to results of measurement which again are related 
to indexical signs of nature through a continuous chain of physical and 
semiotic transformations. 

The measurement process regarded semiotically is then the decisive trans- 
formation from index to symbol so it must be described with a genuine triadic 
relation. The bonds entering this relation must be energy bonds, so we cannot 
translate or explain the structure using the classical concepts of causality. 
In order to identify the categories we must try to classify the system com- 
ponents in the other end of the bonds, and here we can use the traditional 
system-science discrimination according to the "degree of activity" of systems 
which again is an example of the applicability of Peirce's three categories. 
According to formal system-science as exemplified by Paynter's energy bond 
formalism we can distinguish between the following three categories of systems: 

1. Active systems whose output are independent of the input, i.e. sources of 

effort or flow. 

2. Reactive/passive systems whose output depend deterministically on the 

previous and the present values of the input. If the previous input 
values determine the present output we say that the system is reactive, 
but if the input-output relation is simultaneous we say that the system 
is passive (this distinction is not so important here). Examples of re- 
active systems are the storage elements of potential and kinetic energy 
like capacitors and inductors. Passive behavior we find in reversible 
two-ports like ideal transformers, transducers and gyrators and in the 
two triadic elements, the 0- junction and the 1- junction representing re- 
spectively Kirchhoff's current and voltage law. All the systems in this 
category are reversible and it is the only category that is used for 
modelling a purely mechanical system. 

3. Dissipative systems , i.e. sinks of energy like an ohmic resistor. These 

systems mediate between the two previous categories. In a normal macro- 
scopic context they can be described as almost passive, but according to 
the fluctuation-dissipation theorem they are always noisy , i.e. there is 
an active component in their output. Dissipative systems are mediating . 
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in every instance of control: If we want to change the state of a re- 
active system we will influence it from an active system, e.g. a thermo- 
dynamic reservoir, but this will in general produce perpetual oscillations 
around the wanted state unless dissipative processes bring it to rest. 
It should be clear from this discussion that all three of the above ca- 
tegories enter a geniune triadic relation as well for the preparation as for 
the measurement of a quantum mechanical system. In both cases the source of 
control acts from the classical world upon the quantum system and the process 
is mediated by dissipative laboratory equipment. The semiotic discussion of 
the measurement process is therefore based on the following bond graph rela- 
tion: 



A. classical sou*=e P\ 2. Quantum mecW.cqJ 

(active.) ^J ( ^^ ; ve y paes i ve ) 



3. M&diatina apparatus 
(dissipative) 



Fig. 4 Bond graph relation of quantum measurement. 

By comparison between the classical causal relation of fig. 2 and the 
measurement relation of fig. 4 we note a certain similarity but also an impor- 
tant difference. In the latter case the bonds are energy bonds, not signal 
carrying information bonds, and if we want to simulate the process by postu- 
lating signals in the bonds then these must be dual signals of opposite di- 
rections in each bond and there must be a source of noise associated with the 
dissipative system according to the fluctuation-dissipation theorem. 

It is important to note the difference between an energy bond connected 
with an active system and an activated bond or information bond. The input 
in bond 1 to the triadic relation of fig. 4 is determined by an active system, 
the classical source, but the output in bond 1 ought to carry information if 
the process considered is to be measurement and it is therefore not suppressed, 
i.e. bond 1 is not activated. The output information is entering the input 
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port of en amplifier that acts as an activator , i.e. on the other side of 
the amplifier we find a physical information bond. In the physical information 
bonds we are allowed to consider one of the dual variables as a classical 
signal with a well defined symbolic representation, but not the other which 
is suppressed. This does not mean that the suppressed variable is nonexisting 
and irrelevant for the discussion, on the contrary, as we shall see in the 
following sections, but just that it does not possess a symbolic representa- 
tion. As an indexical sign it exists and plays a role in the process "setting 
the quality of the jump" as Kierkegaard said and this is because the physical 
information bonds are an integral part of the classical 'description of the 
experimental setup. 

Where does then the physical description end? It must end at the precise, 
place where the preset physical information bonds end, i.e. where some perma- 
nent mark of registration is made. From there on we can still speak of in- 
formation transfer through data bonds and semiotic transformations but there 
is no question of back-action through the data bonds, because the data process- 
ing can be postponed untill after the physical measurement process. 

We can sum up the discussion with the following bond graph model where 
the data bonds are shown as dotted lines: 



physical 
concept 
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Fig. 5 Semiotic chain of measurement and data processing. 



This model should illustrate that the "very conditions" Bohr speaks about 
lie outside the physical system and can have no influence on the measuring 
process in a synechistic description. The conditions that have an influence 
and may affect the quantum mechanical state must be located within the preset 
system of physical relations and bonds. 
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5. Zero point noise as a sign of consistency . 

Quantum mechanics was born at the turn of the century out of a . paradox 
showing the incompleteness of classical statistical mechanics: The Raleigh- 
Jeans formula for the spectrum of black body radiation which diverged at 
high frequences. This divergence, the co called ultraviolet catastrophe, was 
resolved by Planck by the introduction of the quantum of action. Planck's 
analysis led to the hew formula for the thermal energy of a harmonic oscil- 
lator with frequency. *V at temperature T^: 

, i - Hv 

U^ T e h ^ T - 1 (1) 

an expression that reproduces the classical expression kT for small frequen- 
cies but goes to zero exponentially at high frequencies which is fast enough 
to win over the power law increase ( *\) in d dimensions) of the phase 
space factor such that the divergence vanishes. 

The subsequent formalistic development showed that there was a term miss- 
ing in Planck's expression: the zero point energy 



F = il , (2) 

It was lucky for Planck and for quantum mechanics that he didn't discover 
this term, for if he had there would have been no resolution of the ultra- 
violet catastrophe, but an even more drastic catastrophe would have emerged. 
The theoretical discovery of the zero point energy came so late that it 
didn't shatter the faith in the consistency of the new formalism, it was more 
or less understood that there is a fundamental difference between thermal 
excitation and zero point motion. The latter is an intrinsic property of 
every quantum mechanical system related to the Heisenberg uncertainty rela- 
tions, it cannot be transferred to another system by radiation and it is 
therefore invisible in the spectrum of the black body radiation. 

Although the inclusion of the zero point noise faces us with the dis- 
agreeable task of explaining away an infinity of energy in a radiation cavity, 
at the same time it gives us the benediction of a much more rounded analyti- 
cal expression for the oscillator energy 
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an expression that is an even function of the frequency and matches the clas- 
sical kT even better for small frequencies than Planck's formula (1). The 
ability of the quantum formalism to express the balance between absorption 
and emission of quanta of radiation by means of a single meromorphic func- 
tion S("l)) of a complex frequency variable is a profound revelation condi- 
tioned by the existence of the zero point energy and indicates that this is 
not a weakness of the formalism that should be "renormalized" away as quickly 
as possible but rather a sign of consistency. 

In 1928 it was shown by Nyqvist that the problem of thermal noise in a 
resistor could be reduced to a one-dimensional radiation cavity and that the 
power spectrum could be expressed by the macroscopic coefficient of resistance 
without need of any microscopic model of the system. We are allowed to think 
of a resistor as a collection of independent oscillators whose eigenfrequen- 
cies are continuously and evenly distributed, each of them being thermally 
excited to the mean energy kT. The ultraviolet catastrophe inherent in the 
resulting spectrum of white noise disappears completely if the resistor is 
coupled to a linear reactive system like an inductor or a particle with iner- 
tia and leaves only the trace of the static classical fluctuation with mean 
energy Y 2 k.T per degree of freedom of the reactive system. 

The discussion of classical noise generalized in the fluctuation-dissi- 
pation theorem leads directly into the triadic coupling of an active, a reac- 
tive, and a dissipative system similar to the one considered in fig. 4. If 
the active system is a flow-source then the combination of the reactive and 
the dissipative system (assumed linear) can be described with a frequency 
dependent complex impedance function Z(to) (U) = 2TTl)) and the power spec- 
trum of the effort-fluctuations is then expressed by the real (dissipative) 
part of the impedance function for frequencies on the positive real axis: 



ffCco) -f Z^coVkT 



(4) 



An even simpler expression results if we Fourier-transform the impedance 
function to a time dependent rigidity response-function G(t) and, by the 
Wiener-Khinchin theorem, introduce the autocorrelation function for the ef- 
fort variable in the bond connected to the flow-source: 



<e(f)e(f+t)> T = kT G(|t|) . (5) 
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An example of such a triadic coupling of linear systems is shown in fig. 
6 as an electric network and in energy bond graph notation: 



R 



^K} 



R 



Fig. 6 Example of a triadic coupling of linear systems. 



In this case the dissipative part of the impedance function is 



R 



2/oj)= JTZfx 1 (t=»RC) 



(6) 



and the time dependent rigidity function is 



G(t) = i-e^ 



(t>o) 



(7) 



In general all three of the system categories enter in the discussion of 
thermal noise: the active system for identifying the controlled and the noisy 
variable (viz. flow and effort in fig. 6), the reactive system (the material 
aspect) for removing the ultraviolet catastrophe, and the dissipative system 
which ensures the ergodicity (well defined thermal equilibrium) and is the 
proper source of the noise. In accordance with Peirce's philosophy anything 
less than a genuine triadic relation of the system categories leads to an im- 
proper understanding of the concepts entering the fluctuation-dissipation 
theorem. 

The quantum mechanical generalization of the theorem, made by Callen and 
Welton in 1951 ' , results simply in the substitution of the classical os- 
cillator energy in eq. (4) with the full quantum mechanical oscillator energy 
of eq. (3) , i.e. 
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>r _, ..- _ _. (8) 

In this case we cannot by Fourier transformation find a simple proportiona- 
lity (like eq. (5)) between the time independent rigidity response and the 
autocorrelation function because the oscillator energy is now frequency de- 
pendent, but this is not so serious. The most important new feature introduced 
by the finite quantum of action is the existence of zero point noise at T = 0: 



"^60 



? e M=^Z,M 



The zero point noise exists at all temperatures but is superposed with thermal 
noise for T>0. Just like in the discussion of black body radiation we must 
imagine two entirely different sorts of noise: the thermal noise is a "cohe- 
rent" sort that can be transferred or radiated away to another system of 
lower temperature, but the zero point noise is non- transferable and intrin- 
sic to the system considered, or rather intrinsic to any genuine triadic re- 
lation with an active and a dissipative system the quantum mechanical object 
may participate in. 

The close connection between the zero point noise and the Heisenberg un- 

14 
certainty relation was pointed out by I . R. Senitzky in 1960 ' . By consi- 
dering a damped harmonic oscillator as his model system Senitzky showed that 
the pure effect of damping could be described with the usual Heisenberg equa- 
tions of motion by adding an imaginary term proportional to the damping to 
the Hamiltonian operator of the undamped socillator. This, however, has the 
unwanted side effect that the displacement-momentum commutator becomes time 
dependent and relaxes with the same rate as the classical oscillator. In 
other words: the Hamiltonian description of pure' damping contradicts the 
Heisenberg uncertainty relations and brings us back to a purely classical 
deterministic theory which is clearly inconsistent. There can therefore be 
no Hamiltonian theory of damping, and this is because the concept of deter- 
ministic damping (dissipation) rests on a false conceptual logic. In order 
to preserve indeterminacy the damping effect must be balanced with a source 
of noise and this is just what the fluctuation-dissipation theorem states. 
The thermal fluctuations are produced by thermal noise, whereas the intrin- 
sic fluctuations in a pure quantum mechanical state are produced by the zero 
point noise. 

The fact that the fluctuation-dissipation theorem including zero point 
noise follows rigorously from the quantum formalism via response theory (e.g. 
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a Kubo formula) is a sign of consistency because the zero point noise can be 
regarded as the source of quantum indeterminacy and thereby an indispensable 
concept in the semantic discussion of the symbols of quantum mechanics. By 
accepting the reality of zero point noise in any genuine triadic systems re- 
lation we can begin to see how a physical theory based on semiotics may pro- 
vide a justification and a limitation for Bohr's semantic thesis that the 
meaning of a wave function lies in the prescription of probabilities in con- 
nection with a classically described' experimental "setup'. 

6. The qualitative jump . 

The semiotic problem of choosing. Jhe simplest possible model of measure- 
ment is easily solved with reference to the pioneering works of v. Neumann 
and Dirac. V. Neumann introduced an information theoretical approach by an- 
swering the question: how is the "atom of information", the binary question, 
represented by the quantum mechanical formalism? The answer is that any ob- 
servable A is represented by a Hermitean operator A that can be "spectrally 
resolved" into a weighted sum of projection operators P whose only eigen- 
values are zero and one: 

A-Z*£ <10) 

where the a.s are the real eigenvalues of the operator A. The projection o- 
perators form a complete orthogonal system and therefore represent a seman- 
tically invariant transformation, a meaning preserving translation of the 
"question" A to a set of mutually exclusive yes/no questions. If two diffe- 
rent observables are represented by the same set of projection operators they 
are quantum mechanically compatible, i.e. they can be measured simultaneous- 
ly with the same set of "counters" which means that the physical discussion 
of measurement can be reduced to the discussion of a single counter (counting 
only to or 1). This is of course a logical reduction, not a physical one 
at first blush, but as a physical measurement is an implementation of the 
logic of observation we should not be surprised to find that a real apparatus 
at closer inspection reveals itself as a collection of counters. For example: 
if we measure the position of a particle by means of a photographic plate 
the measurement is reduced to the counters corresponding to the separate 
grains of the photographic emulsion. In fact the logic seems to be so com- 
pelling that we can safely regard the binary counter as an irreducible com- 
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ponent of an ideal measurement in the pragmatic sense of the word, i.e. an 

idea that governs the manufacturing of actual experimental equipment. 

The next step in the discussion is to analyze the operation of a single 

counter in semiotic terms, i.e. as a physical setting of a sign relation. We 

have already seen that this consideration leads to the energy bond graph mo- 
del of fig. 4. This triadic relation is then the crucial link between the 

symbols of measurement results and the symbols of the quantum mechanical 
formalism, and in accordance with Bohr's semantic thesis we shall regard it 
as the place where the meaning of the quantum symbols originates. The use of 
semiotic terms is valuable in. order to provide a general philosophical back- 
ground but it should not obscure the content of which the main part has been 
discovered by physicists in the evolution of the quantum formalism. We have 
already seen that there are close connections between the epistomological 
ideas of Peirce and Bohr; now we are interested in the more specific develop- 
ment of formalism it is important to note how some of the more formalistic 
ideas of semiotics emerge in the work of Dirac. 

A semioticist would say that the construction of symbolic concepts of 
physics proceeds via the preliminary sign categories of icons and indices. 
We start by considering an icon, e.g. the concept of a material particle, 
then we identify the indexical qualities that can be measured, e.g. inertia, 
velocity, etc., and finally the conventions of physical standards are usen 
in connection with a measurement procedure to establish the symbolic con- 
cepts. For example the vectorial notation v for the velocity of a particle 
without reference to a coordinate system is indexical in comparison with the 
symbolic coordinate representation that presupposes the convention of a 
basis set of orthogonal vectors. Historically the invention of the indexical 
vector notation came after the symbolical coordinate representation and it 
seems that the theoretical development has been much retarded by a neglect 
of a semiotic categorization and an illusory belief in the existence of con- 
text-free symbols in nature. Similarly in quantum mechanics: the symbolic 
concepts of Schrodinger' s wave functions and Heisenberg's matrices were in- 
vented first and their final theoretical unification in the transformation 
theory was conditioned by Dirac 's invention of an indexical notation: the 
"bras" and "kets". 

The dualistic nature of the bra and ket vector spaces is closely connec- 
ted with the semiotic idea that the constitutive sign relation of fig- 4 is 
set by interaction- or energy bonds. In a general interaction (energy) bond 
we can regard the dual indexical signs (effort and flow) as vectors belong- 
ing to dual vector spaces that are connected through the formation of a sca - 
lar inner product (the rate of energy transfer). We can distinguish between 
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th e two dual spaces by calling them contravariant and covariant, or kets and 
bras, the meaning is the same and rests in the definition of the inner pro- 
dukt, the bra-ket < | > . The semiotic concept of the energy bond as the 
link between the classical and the quantum world is therefore sufficient to 
relate the indexical signs of the formalism to the concepts of dual vector 
spaces. 

When we describe an isolated quantum mechanical system we can try to put 
up an equation for the rate of change of a state vector in either of the two 
dual spaces. In , doing so we choose to refer to the state of the system with 
a sign that is more indexical, i.e. less context dependent, than Schrodin- 
ger's wave function, and this is appropriate when we describe the quantum 
world left to itself. We cannot apply Bohr's semantic thesis to this sign 
for it has no meaning except its direct reference to the object. The struc- 
ture of the guiding equation must be reducible to an energy bond graph model 
(normally an infinitesimal segment that can be repeated in 1, 2 or 3 dimen- 
sions). There can be no concepts in the quantum formalism that cannot be 
brought back to the fundamental concept of the energy bond. The related dis- 
covery that the Schrodinger equation and equations of quantum field theory 

can be translated to electrical network structures was published in 1939 in 

15 
the monumental monograph of G. Kron ' ; a similar viewpoint can be found 

in Brillouin's "Wave Propagation in Periodic Structures". 

A general quantum mechanical energy bond represents some n-dimensional 
subspace of the Hilbert space and it can be decomposed into n elementary 
bonds, each corresponding to a ray , i.e. a one-dimensional subspace. Every 
choice of an orthogonal basis for the Hilbert space is then equivalent to 
the decomposition of a general vector bond into rays. We have seen that an ob- 
servable and the corresponding apparatus of measurement can be analyzed as a 
collection of mutually exclusive binary counting operations, so we see that 
the indexical function of bond 2 in the model of fig. 4 consists in the i- 
dentification of a ray of Hilbert space. Up to this point the semiotic dis- 
cussion leads to the same point of view that can be found in other theories, 
e.g. the quantum logic of Jauch and Piron and the measuring theory of Ludwig 

We can see how a collection of counters serve to establish an orthogonal- 
set of basis vectors for the space of possible state vectors, and these ba- 
sis vectors have a special physical significance because they are "setting 
the quality of the jump" i.e. defining the possible outcomes of which only 
one is realized by the quantum collapse of the state vector during measure- 
ment. It has no meaning to speak of a collapse unless these possibilities 
are set up in advance, but this also means that the preset counters must have 
a way of making a physical influence on the quantum system before the col~ 
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lapse and there must be a random element in this influence.. 

Here we must be very careful. It is tempting to think of the dissipative 
noise that must be inherent in the triadic bond graph model of fig. 4 as a 
sort of perturbing random Hamiltonian acting on the pure state vector of the 
object and thereby gradually randomizing its phases such that its density 
matrix becomes diagonalized to a probability distribution. The idea of gra- 
dual phase randomization has been prominent in important theories of measure- 

17. 
ment, e.g. the theory of Daneri, Loinger, and Prosperi ' , and by use of 

the fluctuation-dissipation theorem it could be made to appear very simple 
and rather convincing. It would also be sufficient in order to point out the 
important role of the connectedness of the experimental setup thus giving a 
hint of what makes the quantum formalism valid in the correlation experiments 
of Aspect and others. But there is something very important missing in such 
a discription: a diagonalized density matrix is conceptually very different 
from a probability distribution although its mathematical representation is 
the same. When we speak of a probability distribution over a discrete set of 
events we know that just one of these events is realized or going to be real- 
ized, but this is not the case when we speak of quantum mechanical density 
matrix that has been gradually phase randomized to a diagonal form. In the 
latter case the qualitative jump is missing. 

We are looking here at the very problem that Kierkegaard wrote so much 
about. No matter how hard we try to make a description of the jump in conti- 
nuoustime we will always miss it. This is because we try to employ ideas of 
causality that are basically classical to a phenomenon that defies this no- 
tion of causality. 

When we consider the initial stage of a measurement process before the 
collapse but after the physical setting of the triadic bond graph relation 
of fig. 4 we can imagine the existence of virtual small excitations of the 
bond graph variables as required by the fluctuation-dissipation theorem. We 
cannot locate the origin of such disturbances in one particular subsystem 
entering the relation although the convential concept of noise would tend to 
locate it in the dissipative system and the conventional logic of measure- 
ment would tend to locate it in the reactive quantum system. The zero point 
noise is "non local" in the sense that it is a property of the genuine tria- 
dic relation as a whole, not of any of its constituent systems. This does 
not exclude a simulation of it in strictly local terms, but it should prevent 
us from attaching any ontological status to such a simulation. The local rea - 
lism or synechism of our semiotic models has nothing to do with the localiza- 
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bility of causes, for the linear causal thinking is suspended for a while, 
but it is expressed by the continuity of interaction through space, i.e. by 
the connectedness of the sign generating bond graph models. 

Let us take a close look at the possibilities for simulating zero point 
noise in connection with the model of fig. 6 in order to see if anything like 
a qualitative jump might emerge. The noisy variable will in this case be the 
effort which is the same for all three systems connected in parallel (an 0- 
junction). As the fluctuation-dissipation-theorem is unable to distinguish 
between continuous "wave noise" 



k 



and "particle noise" or shot noise 






and we are looking for a jump, it will be better to use the "particle noise" 
model of eq. (12) . 

The dimensions of the bond variables effort and flow can be chosen such 
that the flow measures the rate of particle transfer, i.e. f has the dimen- 
sion of a reciprocal time, and the e's in (12) will then have the dimension 
of action. We can then further "quantize" the model (12) to 



e/tt)- h£n <J(t-t^ <i3) 

k Ik 

where h is Planck's constant and r]_ are random numbers, either +1 or -1. It 
will still be possible to simulate the arrival times t such that the flue- 
tuation-dissipation theorem is satisfied. Of course the continuing noise of 
eq. (13) is not what we are interested in; we are trying to describe one 
single event, the first occurring after t = 0, as a model of the qualitative 
jump. When this has occurred the situation is quite different, some non-linear 
process has taken place and the linear characteristics used in the construc- 
tion of the model (13) for the virtual excitations are no longer valid. Thus 
we shall only use one of the terms in eq. (13) describing the single event, 
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say at t = t ) 0: 

e'tO- hcft-t-t,) (i4) 



and this single event must be associated with the detection of a particle, 
i.e. the flow conjugate to e' must be 



f'M = -«fft--tO 



(15) 



Of course the two expressions (14) and (15) cannot be strictly valid, 

because that would mean an infinite energy transfer at t = t . The use of 

delta functions to convey the idea of a sudden jump means that there are two 

widely separated time scales involved: a micro-time T. that characterizes 

the internal dynamics of the model an a macro-time T„ that characterizes 

M 

the whole measurement process. If r C. and TT are separated with many orders 
of magnitude we can have the macro-appearance of the two simultaneous delta 
functions, but on the micro-level they will be smooth functions slightly se- 
parated in time, like shown in fig. 7. The energy transfer is then finite 
(but indefinite) and there is always exactly one quantum of action involved 
in an event. 



-rto 




Fig. 7 A Microscopic view of the delta function expressions (14) and 
(15). 
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If the model shall be applicable we must then demand that the probabili- 
ty of an event has a nearly constant value for all times on the macroscopic 
scale, i.e. some orders of magnitude around Tl. , and that this value can be 
related to the quantum mechanical prescription of probability. For ordinary 
Poisson-type shot noise this demand can never be fulfilled because the wait- 
ing times are gamma-distributed (exponential for the first event) but for 
zero point noise it is in fact what we find, as we shall now see. 

For the model on fig. 6 we can identify the microtime as 

T. - RC (is) 

By Fourier transforming the zero point power spectrum (9) we first get the 
time dependent autocorrelation function and if we integrate this expression 
twice over time (from to t) and divide it by h 2 we find the following for- 
mula giving the average number of events between time and time t: 



0)t 



v / \ f A - cos o)t 
N(t) = ?J w-O + w^cf) d 
o 

where P is the dimensionless parameter 



:i7) 






(18) 



In the limit t>^ T . we get 



N(i)~ $>(*+ ln^ t ) = plh|v (19) 



where $ = 0.5772 — is Euler's constant. We see that if t is of the order 

% M » i ■ e . many ore 
nearly constant value 



7T M t i-e. many orders of magnitude larger than *u. , N(t) will have a 



NttH N = ylhS 



^n (20) 



One may object that the impedance function we have used in (17) still 
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entails an ultraviolet catastrophe for the effort fluctuation. This is true 
but not important because we are interested in the width function N(t) which 
is given by a convergent integral. The logarithmic behavior of N(t) for large 
t is derived from the fact that the impedance has a finite value R for small 
frequencies and will not be disturbed if we introduce a high frequency cut- 
off in order to remove the remaining trace of an ultraviolet catrastrophe. 

In order to get a more detailed picture we need to determine the waiting 
time distributions P (t) , i.e. the probability of having exactly n events in 
the time interval from to t. We have then 



N(0«Z"Pft) 



(21) 



n«o 



and the P s are determined by the recursive formula 
n . 



p n w = f R (f)p„. ( a-t')di' < 22 > 



where 



pA)--iP.(t) 



(23) 



is the probability density for the first event. By Laplace transformation 

N(s) - fN(t)e 3t dt : P n (S>~ \P n tbi*dt (24) 

o O 

and use of eq.s (21) - (23) we find the following general formula valid for 
all types of discrete noise 

-4 



P/s)-[l-s^s)] h P o (s) 



(25) 
and 
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so it becomes possible by the inverse Laplace transformation to determine 
the whole family P (t) from the single function N(t) which is derived direct- 
ly from the fluctuation-dissipation theorem. (A more detailed account of this 
derivation can be found in the appendix) . 

The above derivation based on the fluctuation-dissipation theorem for 
the width function N(t) is based on the assumption that it is possible to 
define a time homogeneous ensemble describing the noisy system. On the other 
hand eq.. s (21) .and (22) assume that the ensemble is selected by the criterion 
that an event has taken place at t = and the waiting time distributions 
will in general reflect a non-markoffian memory of the last event. There is 
no conflict between these two assumptions although it may sound so. The 
"event" at t = should not be regarded as a real event but only as a se- 
lection criterion for a time homogeneous ensemble, the only possible crite- 
rion for a non-markoffian discrete stochastic process. The markoffian Poisson- 
process is exceptional by allowing time zero to be an arbitrary instant be- 
tween events. 

We are not interested in the general solution but only in the special 
case when N(t) is nearly time independent as described by eq. (20). In this 
case we can show that 



p/.N ^ 1 ^ _!__ (26) 

i. e. the probability of having no event up to time t is also nearly constant 
on the macroscopic time scale, and similarly for the other functions P (t) 
which will give a geometric distribution for the number of events, n, i.e. 
quite different from the ordinary Poisson process. 

As said before we shall only use the noise model until the first event 
has taken place which means that the only interesting function is P n (t) and 
the probability of having one event is not the P (t) of the waiting time di- 
stribution family, but instead: 



P,(i)= 1- PA) * ttn, <27) 



This is then the expression that should be identified with the quantum me- 
chanical prescription 
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P, = |C|* 



(28) 



Where c is the expansion coefficient of the state vector or wave function 
after the ray of Hilbert space that has been set up by the counter in 
question. So comparing (27) and (28) we find that N should be 



iZ 



N.= T^P 



Cl' (29) 



which, according to (20) means that the dissipative parameter should have 
the value 

Id* 



? = InSa 1-lcl* Oo) 



At first sight this expression looks a bit artificial, but we shall see 
that there is a natural explanation for it. The divergence for |c| 2 =1 means 
that. the linear description of virtual excitations breaks down at this value 
because we here have a transition from probability to certainty of an event. 
Such a breakdown of a linear response theory is well known, e.g. in mean 
field theories of phase transitions, and it can be described most generally 
as the onset of instability of a positive feedback loop. In our model of a 
counter (fig. 4 and fig. 6) we can find such a transition if we assume that 
the active system in the relation presents itself to the virtual excitations 
as a negative resistance -R . If the passive resistance of the dissipative 
system is R (positive) we get the following expression for the effective 
resistance 



R " R p R> ,e - *~ 1- Rp/R 



-.e. R- - ,_ p p , n < 31 > 



so we see that the way the dissipative parameter depends on the probabi- 
lity |c| 2 follows from the simple ansatz 



(32) 



R = R' 




(a constant 


a 






R = R'- 


|c| 2 




P 
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The constant Ft' should then have the definite value that satisfies eq. (30), 
i.e. 



In 



R = TT 7 ^ 3 ) 



f 



This then raises the question if a measurement apparatus should always 
contain a "resistance" that is exactly tuned to the value (33) in order to 
satisfy the quantum mechanical prescription of probabilities? The answer is 
no! The value of a resistance depends on the exact symbolic fixation of the 
energy bond variables, an ideal scaling transformation e' -»Te', f— > f'/T 
will transform a resistance according to the rule R' — *-T 2 R'. This means 
that the value of the resistance is only well defined after a scale of 
measurement has been chosen, but this is exactly what we have done in deriv- 
ing the expression (33). Thus there is a bootstrapping logic involved: the 
jump is setting the quality, as Kierkegaard said, although it at the same 
time is preset by the quality. 

This again brings us back to Bohr's semantic thesis. The meaning of a 
quantum mechanical expansion of a state vector after an orthogonal basis 



v>= 2Lc.n> 



(34) 



rests in a classical description of a measurement apparatus. We have provided 
such a classical description and have seen how it lends meaning to the quan- 
tum symbols: 

a) By analyzing an apparatus as a collection of binary counters identify- 
ing the rays T|i^ . 

b) By using the linear model of fig. 6 in connection with the theory of ■ 
zero point noise to see how the possibility of the jump emerges. 

c) By using the quantum prescription of probability p. = |c.| z to determine 
the resistance value (33) which fixes the scale of measurement (T) along 
the ray whereby the numerical value of c. acquires its meaning. 

It may be objected that the model of a measurement apparatus we have used 
is very crude. This, perhaps, is not so serious. The logic of measurement 
has here been regarded as belonging to the discipline of semiotics, n °t to 
physics proper, and quantum semiotics is concerned with the establishment of 
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quantum mechanical concepts not with detailed physical theories of actual 
equipment. The models we have used are designed to extract the basic semio- 
tic features of an apparatus, the features that make it possible to set up 
physical sign relations, and if we have succeeded in this there is no urgent 
need to investigate more complex models. The "counter" is here described in 
local terms and if we want a more concrete picture we can think of a single 
grain or even a single molecule of a photoactive substance in a photographic 
plate. The process of amplification (development) following the irreversible 
activation of the molecule is in this case unimportant for the measurement 
process because it is retrospective, i.e. it is postponed until after the 
completed measurement. 

A much more serious objection is that the meaning of the dissipative 
constant R 1 in eq. (33) is unclear. A quantum mechanical system may be re- 
garded as having connections to many different dissipative systems in its 
environment. In fact it is often said (especially after the Aspect experi- 
ment) that "quantum mechanics has taught us to regard the universe as an un- 
broken whole, that cannot be divided into parts, everything depends on every- 
thing else, etc.". We need a discussion of which types of connections are 
relevant to the measurement problem, and this is the topic of the next 
section. 

7. The concept of connectedness . 

The energy bond is an abstract concept used in physical models as an 
iconical sign for connectedness. The indexical signs of effort and flow that 
can be attached to it are vectors belonging to dual vector spaces and they 
can be associated with symbols, i.e. numbers and dimension, only after the 
choice of a vectorial basis including a measurement prescription and standard. 
In general a given physical system can be "reticulated", i.e. conceptually 
structured as an energy bond graph model in many equivalent ways and if a 
certain basis seems more natural than others then it will also seem natural 
to choose the energy bonds as simply related to the natural basis vectors. 
However, what seems "natural" depends on the viewpoint whether we are most 
interested in a close resemblance with the physical reality as it appears or 
in theoretical simplicity. It is therefore practical sometimes to have seve- 
ral choices of basis represented iconically within the same model and this 
can always be achieved by insertion of general tensorial transformers con- 
sisting of ideal passive 2-ports and 3-ports in an energy bond. For example, 
if we consider transmission of electrical energy the reticulation of physi- 
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cal resemblance may contain two energy bonds, because two wires are used, 
but a theoretically simpler reticulation regards the double-wire as a unit 
to be described with a single energy bond. The tensorial transformer connec- 
ting the two representations will in this case be an 1- junction (a series 
connection) as shown in fig. 8. 



> 
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Fig. 8 Reticulation of electrical energy transmission cable as a 

double wire (to the left of the 1-junction) and as a single 
cable (to the right). 



We can regard the 1-junction in fig. 8 in two ways: either as a dyadic 
transformer between two different representations of a one-dimensional sub- 
space (a ray) within a higher dimensional space, or as a genuine triadic re- 
lation. In the same moment we choose to regard it as a genuine triadic rela- 
tion we are forced to interpret the three bonds in the same way, as double 
wires, the two bonds on the left being associated with a common "earth" as 
illustrated in fig. 9. 
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Fig- 9 The diagram of fig. 8 regarded as a genuine triadic relation 
of double-wire energy bonds. 
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This example should illustrate that when we have a genuine triadic re- 
lation of general vector bonds the three bonds entering the relation must 
necessarily have the same vector character . If a triadic relation for example 
involves two n-dimensional vector bonds and one bond of dimension n-1 then 
it is not a genuine but a degenerate relation in n dimensions and it can be 
reduced in the simplest cases to a genuine triadic relation in n-1 dimen- 
sions and another relation of lower rank, like a mechanical constraint. (For 
non-holonomic constraints, as for example the rolling of a sphere on a plane 
it will be necessary to carry the reduction further and it will involve ac- 
tive, monadic relations representing boundary conditions). 

The synechistic viewpoint on the measurement problem regards a measure- 
ment as a physical setting of a sign relation, i.e. a genuine triadic rela- 
tion of energy bonds. Furthermore, we have seen that the meaning of a quan- 
tum mechanical wavefunction is constituted by the measurement relation, in 
accordance with Bohr's semantic thesis. This consideration then accentuates 
the naive viewpoint that was brought forward in sec. 2 in connection with 
Mermin's exposition of the quantum correlation experiments of Aspect and 
others: it is the connectedness (which Mermin considers "irrelevant") of the 
experimental setup that legalizes the theoretical use of the concept of a 
two-particle wave function, and the "non-local" correlations observed cannot 
exist if the single particle detectors were as unconnected as Mermin claims 
they are. There is nothing strange or supernatural in finding two-particle 
correlations violating Bell's inequality, indeed these are explained very 
simply by using the concept of collapse of a two-particle wave function. But 
the explanation is semiotically worthless and non-synechistic if it cannot be 
documented "in a totally classical way" that the experimental equipment sets 
up a sign relation of counting where the associated ray of Hilbert space de- 
scribes a genuine two-particle property. This means that the two distant 
single-particle detectors must be connected to a central coincidence counter 
(or another central black box) , otherwise the measurement relation degene- 
rates to two independent one-particle relations and the correlations will 
satisfy Bell's inequality. 

The problem is now that "connectedness" is a mathematical abstraction; 
in the real world everything is connected with everything else, but there are 
strong connections and weak connections and we need a quantitative criterion 
in order to decide which connections are relevant in the measurement context 
and which are not. Intuitively one could say that the plainly visible wires 
connecting the single-particle detectors with the central black boxes in the 
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polarization correlation experiments must be relevant, but if the wires were 
removed and the signals sent by radio instead the radio links would be irre- 
levant connections. But apparently Mermin's intuition (or a hidden rational 
argument) has led him to the opposite conclusion as can be seen in the passage 
from his article quoted in sec. 2. Se we need a more substantial argument to 
justify our intuition. 

According to the fluctuation-dissipation theory of the qualitative jump 
outlined in the previous section a connection is characterized by a dissipa- 
tive parameter 9 which is proportional to the mean square displacement in a 
diffusive motion of the phase of the wave function's projection on the ray 
in question. If we compare connections of different strenght P we will find 
that the time needed before the phase diffusion due to a particular connec- 
tion of strenght becomes significant varies approximately like exp(l/o ) 
(comp. eq. (19) where N = 1 corresponds to a mean square phase displace- 
ment of 4TT 2 ) . One special connection will be dominant and setting the qua- 
lity of the jump, and the jump is setting the scale such that the largest P 
has the value (comp. eq. (33)) 
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For an ideal measurement the time scales fU and f C' are widely separated, 
so P will be a small number. The exponential dependence on of the cha- 
racteristic diffusion time for the other connections then makes it plausible 
that these will not be able to influence the phase significantly during the 
measurement time f , and thus we find that only one connection is relevant 
and this is the one set up by the measuring apparatus. 

By adopting the dissipative response parameter P as the measure of 
strenght of a connection we can justify the intuitive feeling that the con- 
nection established by a radio antenna radiating out into three-dimensional 
space to some distant receiver is very weak compared to a one-dimensional 
conductor or wave guide. The dominating resistance felt by a radio antenna 
is determined by the empty space and not by the receiver, so, if vacuum is 
an irrelevant connection, so is a radio link. The success of the Aspect expe- 
riments in demonstrating that the exact quantum correlations are maintained 
over distances up to 13 m is a sufficient experimental proof that the vacuum 

connections and fluctuations are irrelevant under normal laboratory circum- 

4c. 
stances. Before the last "switching" experiment of Aspect the belief 
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8a. 
expressed by Marshall that vacuum fluctuations could communicate the 

setting of one polarizer to influence the detector at the other polarizer 
seemed to be a reasonable way of rescuing local realism, but this possibili- 
ty is now ruled out by the switching experiment. 

The earlier conception of local realism was tied up with the ideas of 
localizability of causes and symbolic hidden variables. The Aspect experi- 
ments have given good reasons for abandoning these ideas. But this does not 
exclude a local realism based on the continuity of interaction , i.e. syne- 
chism, with the semiotic logic of signs and relations. With the synechistic 
concept of local realism, as outlined in this paper, the difference between 
the non-switching and the switching experiments of Aspect's seems not so im- 
portant, for the relevant connections are preset and unswitched over the whole 
experiment in all cases. These are the physical bonds connecting to the 
place where the final irreversible registration is made in the central black 
boxes, thus setting the quality of the collapse and the meaning of the wave 
function. If these connections were removed or sufficiently weakened we would 
simultaneously remove the very conditions for making predictions using the 
concepts of a two-particle wave function. If only single particles are de- 
tected by independent and unconnected detectors, the only applicable quantum 
mechanical concept is a weighted superposition of correlated products of 
single-particle density matrices, and such a construction will always satis- 
fy Bell's inequality, as we shall see in the next section. 

Although the synechistic concept of interaction causality has to dispense 
with the localizability of causes there is nothing to prevent us from simu- 
lating situations where signals propagate through the connecting wires. When 
we claim that a pair of wires leading to a central black box (coincidence 
counter) is a relevant connection setting up a ray of Hilbert space then we 
are also opening for the simulation of a process where disturbances origina- 
ting in the central black box propagate "the wrong way" through the wires 
and create correlated disturbances at the two separated places where the 
single particles are detected. Such a simulation should not be regarded as a 
description of what actually happens in the real event of collapse of the 
two-particle wave function. The simulation expresses a linear, classical 
causal logic that is insufficient to grasp the idea of the qualitative jump. 
Indeed, it would be very unsatisfactory to say that the cause of a detection 
event lies in the counter, we would rather prefer to say that the cause is the 
real particles entering the detection chambers. But both descriptions are un- 
satisfactory because they both rest on the linear causality concept and the qua- 
litative jump of the collapse can only be understood by the circular causal 
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logic of interaction. So. the possibility of simulating signals propagating 
"the wrong way" is insufficient as an explanation, but it is still necessary 
to have this possibility, otherwise the application of circular interaction 
causality would only be an empty postulate. 

The question is now: if we consider the set of signals that could possibly 
travel the wrong way through amplifying devices, is this then an empty set? 
In the light of the discussion of the qualitative jump in the previous sec- 
tion it is clear that what we must look for are virtual small excitations of 
shot-noise type. For small signals a linear description; will suffice, so what 
can we think of in linear systems that would- permit signal propagation one 
way, but not the other way? Most linear two-ports are known to satisfy Onsa- 
ger's reciprocity relations, but we also have antireciprocal linear two-ports 
called gyrators. Consider the composite two-port in fig. 10 that is a paral- 
les combination (by 0-junctions) of a reciprocal conductance g and an anti- 
reciprocal gyrator, also with the magnitude g. 
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Fig. 10 Linear two-port that allows signal propagation from left to 
right but not from right to left. 



With the flow-orientations chosen from left to right, as shown in fig. 
10, the gyrator in the upper branch will have a symmetric response matrix 
with zeroes in the diagonal, and the lower branch involving the ohmic con- 
ductor will have non-diagonal elements of opposite signs, so the response 
relation of the combined system is: 
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(36) 
(upper branch) 
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So we see for this model that an effort signal (e ) propagating from right 
to left in bond 2 cannot be felt in bond 1. In fact the model in fig. 10, 
apart from dual symmetry, is the only possibility of a linear bond graph mo- 
del that creates the situation of a one-way communication, and if we want to 
simulate the linear propagation of small signals through a one-way amplifier 
there can be no path that doesn't go through the simplified device of fig. 

io 18 '. 

However, there are good reasons why this device will not work the same 
way for zero point shot-noise. The dissipative conductance in fig. 10 would 
give rise to an ultraviolet catastrophe if there wasn't a reactive element 
hidden in it. This means that there must exist a microscopic characteristic 
time f Z. such that the lower branch of fig. 10 is a low pass filter that 
will only allow signals with frequency less than l/'X.. to pass through. But 
the simulation of zero point shot-noise is concerned with signals that vary 
rapidly on the microscopic time scale, so these signals can only go through 
the antireciprocal gyrator branch of fig. 10. There can therefore be no one- 
way communication on the microscopic time scale and the zero point shot-noise 
is passing only through reversible , reciprocal or antireciprocal two-ports. 

If we consider a cascade coupling of amplifiers oriented from left to 
right (fig. 11) and ending in a recording device then the signals propaga- 
ting the whole way from left to right will be amplified with a cumulative 
gain-factor G = g n g p — g • Because of the reciprcity or antireciprocity of 
each of the amplifiers on the microscopic time scale a zero point shot-noise 
impulse origination somewhere on the line will meet exactly the same gain- 
factors in the opposite order when it propagates to the left. 
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Fig. 11 Cascade coupling of amplifiers ending in a recording device. 
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If all the gain-factors g , g 2 , ,g n are greater than unity it will be 

the zero point noise originating in the recording device that will be am- 
plified the most on the way to the left end, and this is quite opposite to 
the situation for classical signals whose leftward propagation is hindered 
by the bond activating amplifiers. 

We see then that bond activation is a classical concept: the more we 
prevent classical signals from travelling "the wrong way" the easier we make 
it for the virtule zero point pulses to go just that way. However, this ar- 
gument only applies to essentially :one-dimensional connections and not, for 
example, to radiation through a two- or three-dimensional space and especial- 
ly not to the data bonds associated with sign transformations that are not 
preset but postponed until after the physical process of measurement. Thus, 
the idea of a "retrospective collapse" that occurs, for example, when the 
human investigator who has been elsewhere drinking coffee during the experi- 
ment comes back and looks at the recorded results, is totally non-synechis- 
tic and should be buried as a misconception. The same can be said about the 
paraphysical ideas of consciousness as an agent acting through non-local 
hidden variables to affect the collapse. Of course synechism cannot exclude 
paraphysical effects, but in a physical context where physical synechism 
works there is no need to resort to paraphysical "explanations". 

Having discussed the role of the amplifiers let us consider now the pas- 
sive web of connections used in a coincidence monitored spin- or polarization 
correlation experiment. We assume that two particles, 1 and 2, each can be 
detected in two states denoted f a nd J, as in a spin Y z experiment, but it 

could just as well be parallel and perpendicular polarizations relative to 

4b. 
the respective settings of the polarizers for particle 1 and 2 . Thus, 



we 



have 4 single-particle detectors: it and lj, at polarizer 1, and 2t and 2| 
at polarizer 2. There will also be 4 coincidence counters, denoted lt2|, 
lt2|, lj,2f, and 1^2^. If the output from a single-detector, e.g. if, is a 
current pulse it shall be distributed evenly, through a 1- junction, to the 
two coincidence counters lf2f and lf2^. On the other side a coincidence coun- 
ter, e.g. lf2f shall receive the sum of the current pulses from the single- 
detectors it and 2t through a O-junction. The whole scheme of passive con- 
nections is then described by the diagram of fig. 12. 

We are thinking here of the simplest possible model of a coincidence counter: 
a parallel connection of a capacitor and a resistor. If it receives two pul- 
ses within a relaxation time the charge exceeds a critical value triggering 
counting whereas a single pulse is insufficient. 
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Fig. 12 Passive connections between single-particle- and coincidence 
counters. 



The exact shape of the network of passive connections is not so impor- 
tant for our discussion. The important thing to note is that such a network 
of energy bond relations always has the reciprocity property, i.e. if the 
relations ensure that two simultaneous current pulses form the single-detec- 
tors \\ and 2^ arrive simultaneously at the coincidence counter lf2t then 
they also ensure that a voltage pulse originating at 1^2^ will arrive simul- 
taneously at if an 2^. The whole network can be regarded as a tensorial trans- 
former inserted in a 4-dimensional energy bond and the rays defined by the 
coincidence, counters can be regarded as a basis for the Hilbert space of the 
two-particle system. 

The simulation approach that forces us to consider the propagation of 
pulses through wires of considerable length raises some difficult questions. 
First, it is clear that the picture of two nearly simultaneous delta-func- 
tion pulses (fig. 7) can only be valid in the immediate neighborhood of the 
single particle counters but not at the coincidence counters. Should we ima- 
gine that a pulse has started at the coincidence counters some time before 
the detection of a pair of particles and then travelled along the wires in 
order to arrive just in time for the single detections? Such a model would 
rely on the notion of backwards causality and is therefore just as strange 
as models proposed by Wheeler and others. Any physically reasonable model of 
simulation trying to localize the cause of the collapse must assume that the 
pulses originate where the single particles are detected. The role of the 
coincidence counters is then rather to coordinate or synchronize the detection 
of singles, and we can imagine that this synchronization is established 
through the previous history of correlated noise that has propagated from 
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th e coincidence counters to the single detectors. 

The second question is concerned with the uniqueness of the collapse e- 
vent. We have analyzed a measurement as a collection of independent coun- 
ters each defining a ray of Hilbert space, and we have seen that the proba- 
bility of a detection event for a single counter, i, can be described with 
the quantum mechanical prescription p. = \c. | 2 . But if the counters are in- 
dependent one should think that the detection events are statistically indepen- 
dent suchf-that there is a finite probability p. p. -that two different counters, 
i and j, both register an event even when there should be only one collapse. 
This would mean that the quantum mechanical probabilities only apply to an en- 
semble of similarly prepared systems, but not to the single system, as in the 

19 
interpretations of Kemble, Ballentine and others ". However, cotinuing the 

line of reasoning, we could consider a situation where the different count- 
ers were all connected to a single "selector" that records which of the count- 
ers was activated. In this case we would expect that the collapse must be a 
unique event involving one and just one of the counters. 

At present this is just speculation and the author prefers to think that 
the collapse is unique in all cases, whether there is a central selector-de- 
vice connecting all the counters or not. After all, the counters are all con- 
nected to the real world of quantum phenomena and this may be the only se- 
lector we need. For the moment we may leave the question open because it is 
purely ontological and has no consequence for the experiments we are interes- 
ted in. 

8. The return to reality . 

The main purpose of this paper has been to show that Peirce's concep- 
tion of local realism, i.e. synechism, is compatible with quantum mechanics 
and that the experimental results obtained by Aspect and others, although 
they have falsified classical conceptions of local realism based on symbolic 
hidden variables, are not contradicting quantum semiotics and synechism. We 
have seen that quantum semiotics gives a theoretical foundation for Bohr's 
semantic thesis that the measurement process gives meaning to the wave func- 
tion. On the other hand some of the points in Bohr's reply to EPR are at 
variance with the synechistic point of view and one cannot from this stand- 
point say that the very carefully formulated arguments of EPR, which do not 
depend on hidden variables, have been rejected, neither theoretically, nor 
by the experiments. 

The lack of connectedness that has been emphasized in all the thought- 
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20 
versions, from the original EPR experiment over Bohm's version ' opening for 

the application of Bell's inequalities and to the brillantly papularized ver- 

9. 

sion in Mermin' s paper ', is from the synechistic viewpoint in sharp contra- 
distinction to the strong connectedness via coincidence counters in the real 
experiments. Therefore, one can say that local realism of the synechistic varie- 
ty has not been disproved by the real experiments, but the thought experiments 
for which the Bell inequalities are applicable may still be regarded as possible 
falsification tests for local realism, provided that their emphasis on the 
lack of connectedness id taken seriously. 

Apparently, the idea that coincidence counters or other central black 
boxes may have an influence on the correlations measured nas not been se- 
riously considered by the authors of the thought experiments. When Mermin, 
for example, speaks of the lack of relevant connections he is thinking of a 
way of communication from one polarizer or single-particle detector to the 
other and not of connections to a central black box. A possible exception to 

this way of thinking is given by Aspect in his presentation of the idea of 

21 
the switching experiment - * . Aspect considered the possibility that the 

hidden variables, A and A characterizing the two single-particle detec- 
tors were statistically correlated (and such a correlation could of course 
be due to the presence of a central black box), and he then proceeded to 
show that this correlation would not destroy the validity of Bell's inequa- 
lities. The argument, however, has no consequence for our present discussion • 
because it rests on the assumption of local hidden variables, whereas we 
have seen that sufficiently strong connections to a central black box ensure 
that the quantum mechanical two-particle wave function is a valid concept. 
Quantum mechanics cannot by itself state the exact conditions for the 
validity of its formalism which depends on a classically described measu- 
ring apparatus. In this way quantum mechanics is incomplete, but the incom- 
pleteness has nothing to do with hidden variables, and quantum semiotics is 
in accordance with the Copenhagen interpretation in this view. However, 
quantum semiotics goes a step further than the Copenhagen interpretation in 
pointing out th e physical connections to the counters as a necessary condi- 
tion for the reality of the associated quantum symbols. It is still difficult 
to formulate a sufficient condition which would require a detailed theory of 
actual measuring equipment and it seems dubious whether such an undertaking 
can lead to a clear result. Fortunately, there is a lot of experimental evi- 
dence showing that the concept of ideal measurements presupposed by quantum 
mechanics is not an empty postulate. We can feel reasonably confident that 
the pragmatic logic of experimentalism is precisely what the theory needs. 
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Here comes then a difficult point: When we propose an experiment, that may 
either falsify the synechistic theory outlined here or demonstrate the in- 
completeness of quantum mechanics, then the crucial feature of such an expe- 
riment, i.e. a deliberate weakening of the connections between various pieces 
of equipment, may be regarded as conflicting with a sound experimental praxis. 
Hence this to ng exposition that leads to some rather trivial proposals for 
experiments that could be stated on the back of an envelope. Good experimen- 
talists are naturally proud of their skill and will not voluntarily weaken 
it unless there are good theoretical reasons for it. Such experiments will 
only be performed when it is realized by a sufficiently strong group of phy- 
sicists that the epistomology of quantum semiotics and the ontology of syne- 
chism is a possible theoretical standpoint of some explanatory power and 
thus worth testing. 

We shall consider three possible experiments that are all slight modifi- 

22. 
cations of the original photon cascade experiment by Freedman and Clauser 

or of the first of Aspect's experiments (Aspect, Grangier, and Roger, 1981) 

4a. , 

. Aspect's experiments have the merit of a long distance (13m) between 

the single-particle detectors which is desirable in order to ensure that the 
two photon wavepackets do not overlap in the moment of detection, and thus 
there is no possibility that one detection should be able to influence the 
other through a "quantum potential" inherent in the two-particle wave equa- 
tion. The experiment of Freedman and Clauser has another merit in that it 
doesn't rely on corrections for accidental coincidences. Both these merits 
are desirable, but the far most important is that there shall be no question 
of accidental coincidences . In principle it should be easy to fulfil this 
demand by decreasing the counting rate of single photons sufficiently. 

The diagram for the experiment is shown in fig. 13. The connections to 
the coincidence counter are shown with dotted lines. The three proposals we 
shall consider are just three different ways of weakening these connections. 
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Fig. 13 Diagram of photon cascade experiment. 
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We shall not go into a detailed discussion of polarizer- and counter ef- 
ficiencies etc. which can be found in the review article by Clauser and Shi- 

3 
mony , so we assume that the polarizers are ideal and that the "no en- 

23. 
hancement" hypothesis of Clauser and Home " is valid. The fraction of co- 
incidences as a function of the angle 8 between the polarizers is then ac- 
cording to quantum: mechanics' 



V 0) = ^ =x-*e 



where N^, is the number of coincidences in the absence of polarizers. 

Let us for a moment assume that a certain fraction o were accidental co- 
incidences. This would weaken the correlation such that the expression (37) 
should be replaced by 



G c /0)= {* + (1-ar)- x <*s*e 



(38) 



If we had no way of identifying the fraction d as accidental coincidences 
and found something that could be described with the expression (38) then we 
would have to accept it without correction. Bell's inequality will then be 
satisfied if 



* > ^ = i" -k ** o.29 



\fe — O.A7 (39) 

In Aspect's experiment the correction factor is about 0.4 so the result- 
ing disagreement with Bell's inequality is strongly dependent on an explicit 
correction for accidental coincidences which were measured directly by a de- 
layed coincidence counter and then subtracted from the total coincidence ra- 
te. This procedure was recently criticized in an interesting paper by E. 
Santos 

If the experiment were performed without connections to central black 
boxes it would be impossible to make a direct counting of accidental coinci- 
dences. It would then be necessary to have a sufficiently low counting rate 
of single photons such that the fraction of accidental coincidences could be 
considered negligible from statistical reasons alone. If then an expression 
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of the form (38) was measured, with o / Q^, it could only be explained by 
admitting that the two-particle wave function collapse was nonexisting and 
that only single particle measuring events were taking place. 

According to the present theory the conjecture #^&, would be the weakest 
bid for the outcome of such an experiment. A much more reasonable prediction 
is 2f = Vz, as we shall now see. Imagine first that the two photons were in a 
pure state where both photons are polarized in a direction n having an angle 
u with the -vertical. If the. direction of -polarizer 1 is vertical the ampli- 
tude for a detection of both particles would be 



< 1 || ; 2.H | 13, 23> = dosu-cos(u-e) 



(40) 



If the density matrices corresponding to such pure states are averaged with 
equal weight over all angles u we find the following expression replacing (37) 

air 

G C5 (6) »5Sf Jcos z u.cos i (a-e)du = \ +£a>s z e ^ 

} 

i.e. of the form (38) with X = V z . 

This model that is based on a superposition of products of single-par- 
ticle density matrices has been proposed several times. According to the 

25. 
Furry-hypothesis ' a two-particle wave function would spontaneously dege- 
nerate into such a sum when the spatial wavepackets of the two particles no 
longer overlapped. This hypothesis vas disproved by the Aspect experiment. 
According to the present theory there is no spontaneous degeneration of the 
pure two-particle state; the effect leading to (41) should rather be consi- 
dered a sort of coarse graining due to a measuring equipment that because og 
its lack of connectedness is unable to define a two-particle collapse. The 
angle u plays now the same role as a hidden variable in Bell's theory, so any 
probability distribution for the facorized density matrices will lead to 
Bell's inequalities, But it is difficult to argue for any distribution except 
the uniform one that leads to the expression (41). 

Let us now consider three different ways of weakening the connections to 
the central black box. 

The first proposal is simply to remove any preset connections and coin- 
cidence counters (or time-to-amplitude converters, etc.). This would mean 
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that the coincidencs have to be found retrospectively by comparison of suf- 
ficiently accurate time records of the detections of single particles. The 
diagram in fig. 13 is still applicable if we regard the connections shown as 
dotted lines ad data bonds . Retrospective coincidence counting has been used 
earlier, notably in the famous experiment by Bothe and Geiger ", but, to 
the knowledge of the author, never in cases where there is a conflict between 
orthodox quantum mechanics and a local realistic theory. 

The second proposal is to use a preset coincidence counter with wireless 
radio links to transmit the single events instead of wires. This would be a 
test of the hypothesis put forward in the previous section that the relevant 
connections in an experimental setup are essentially one-dimensional and not 
radiation through higher dimensional spaces. Other modifications are possible 
by inserting a "weak link" in a wired connection one might be able to study 
a transition from the strongly connected case described by (37) to the un- 
connected case described by (41). 

We can imagine a weak link in a one dimensional connection as a place 
where a package of information is formed and has to propagate further by pure 
diffusion (unlike the diffusion over the base layer of a transistor where the 
inertia of the injected particles is essential). Similarly, if the information 
package propagates like a soliton (e.g. a nerve pulse) or like a mailed letter. 
In such cases the information package has the character of a permanent record 
and its line of propagation has the semiotic character of a data bond without 
back action. 

The third proposal is to keep the strong preset connections to a coinci- 
dence counter but to introduce an asymmetry in the placement of the source 
and to compensate for this by a sufficient delay in one of the connections 
to the coincidence counter. Until now we have tacitly assumed that the source 
is placed exactly midway between the two polarizers and single-particle de- 
detectors as has been the case in most of the experiments. Let us now assume 
that the source is displaced a piece x towards polarizer 1 such that there 
is a difference <Z = 2x/c in the time of flight of the two photons. It is 
then necessary to compensate for this difference by inserting a passive de- 
lay t in the wire from single-detector 1 to coincidence counter (e.g. by 
using a longer wire). We have seen that the logic of the collapse depends on 
the possibility of simulating a pulse that propagates from the coincidence 
counter to the single-particle detectors. Now such a pulse will arrive the 

time 'C later at 1 than at 2, but the wavepacket of photon 1 arrives K ear- 
x x 

lier than that af photon 2 and the wavepacket has a limited temporal exten- 
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sion T , so if 
w 

%C > ^A ^ Le - X > *c = ^C/CV (42) 

there will be no possibility for the pulse to be there when both wave 

present and thus no possibility for a two-particle collapse. With the value 

•C = 5ns that is relevant for the cascade process used in the experiments we 
w 

find x csj 40cm. If the distance from the midpoint to the polarizers is 6.5m 
as in the Aspect "experiment there should be ample space to study the transi- 
tion from the regime of eq. (37) ot that of eq. (41) by gradually increasing 

x from to a value above x . 

c 

The argument above leading to a rather small value of x is perhaps too 
primitive because it relies on the concept of a single pulse propagating from 
the coincidence counters, and as we have seen in the previous section, if such 
a pulse should be responsible for the collapse we should accept the notion of 
backwards causality. The role of the coincidence counters is rather to synchro- 
nize the single detections within the window of coincidence and it seems 

therefore a more reasonable bid for the critical distance x if we substitute 

c 

f , the coincidence window, for T in (42). In the Aspect experiments 
c w 

T" = 18ns which increases our estimate of x to 135cm. There will still be 
c c 



ample space and the previous estimate (40cm) retains its significance as a 

lower limit for x because the temporal extension of the wavepacket, % , 

is a lower limit for the window of coincidence, *L . 

c 

An asymmetric placing af the source was tried in the experiment by Faraci 
et al. . Their conclusion was for the case of greatest asymmetry that 
the result was in better agreement with a local realistic theory than with 
orthodox quantum mechanics. However, the uncertainties are too big to allow a 
conclusion to be drawn from this single result. 

The three proposals have been ordered according to priority. The first 
is the clearest falsification test of the synechistic theory outlined in 
this paper. If it gives results in accordance with orthodox quantum mechanics 
after a retrospective data processing without any correction for accidental 
coincidences then one can safely conclude that this theory is wrong. On the 
other hand, a result in accordance with (41) would be a clear proof of the 
incompleteness of quantum mechanics and a good point in favor of the syne- 
chistic conception of local realism. The second and the third proposed expe- 
riments would not be relevant if synechism fails in the first test, but they 
are probably easier to perform, especially the second, and they can also be 
regarded as falsification tests, perhaps not as much for the basic view- 
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point of synechism but rather for more specific points in the present appli- 
cation of synechism and semiotics. 

The author believes that the formalism of quantum mechanics when inter- 
preted according to the semantic, thesis of Niels Bohr is consistent but in- . 
complete, like mathematics, according to Gbdel. Local realism in its syne- 
chistic formulation (continuity of interaction) is compatible with all known 
dynamical equations and seems to contain so much explanatory power that the in- 
completeness of the quantum formalism is likely to show up. in cases where the 
formalism contradicts local realism. This is again the EPR argument, but 
with the synechistic concept of local realism there is no need to look for 
hidden variables as a more basic description of reality. On the contrary: 
The application of Peirce's theory of semiotics in connection with the ener- 
gy bond formalism of Paynter points to the applicability of the quantum for- 
malism in cases where the necessary physical sign relations are preset by 
the measuring apparatus. There seems to be a hidden logic of good experimen- 
talism that normally ensures the validity of the quantum formalism and quan- 
tum semiotics is an attempt to reveal this logic by pointing to the importan- 
ce of preset connecting bonds. If the necessary connections are absent or 
weak a coarse graining procedure must be used instead of predictions based 
on the collapse of the pure state. In 'the case of two-particle spin- or po- 
larization correlation experiment the coarse graining needed in the absence 
of preset connections to a coincidence counter will lead to the applicabili- 
ty of Bell's inequalities. 

Acknowledgements . 

The author wishes to express his gratitude for many discussions on the 
philosophical questions of the EPR pradox with E. Klug Andersen, M. Asmussen, 
Helmuth Hansen, E. Brun Hansen, and the late R. D. Mattuck. Thanks for use- 
ful critique and comments to the present paper are due to T. Juul Andersen, 
S. Brier, J. P. Christensen, J. Gundermann and J. Jensen. 



-52- 



APPENDIX 

Simulation of discrete noise . 

The fluctuation-dissipation theorem (8) gives by Fourier- transformation 
(Wiener-Khinchin theorem) 

<e(t')e(t / +t)^ r = ] P e (w)o)sajtdco = <p ]Z/u>)-iocdU-»;[jj£ -c*s tot dco (ai) 



We" now introduce the phase vairable (J) by the definition 



§(t)~ j \eW)dt' (A2) 



This variable will perform a diffusive motion with the width function 

^<6(t')e(0> T 

(A3) 



<<f>(tf> - J* JcK' Jat"<e(t')e(0> T 

= ^ J Z/w)ctfth 2kT • w d 



CO 



For shot noise of the type (13) we find that the average number of events fron 
time to t is given by the width function divided by 47f ? ,i.e. 



so, for T = when we use (6) for Z (co) we get eq. (17). and for arbitrary 
T we have 



R 

with J = V ^. 

For general time-homogeneous shot noise the connections between N(t) and 
the family of waiting time distributions P (t) are given by eq.s (21) - (23). 
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By transforming these equations with the Laplace transform (24) we get 



N(s) = I n P(s) 
P>> = p/ S )P„.,(S) 

p,(s) = \ -sP (s) 



and accordingly 



P„(s) = L 1 - sP/s)]" £($) 



Solving eq. (A8) for P (s) we get 



-I 



Let us first consider the classical limit 

kT » ti/q , 1 » T; 

where we get from (A5) 

ZRfcT 



(A6) 



(A7) 
(A8) 



(A9) 



(A10) 



N(0 = ^ i = Yr c (aid 



showing that this is a markoffian process with the time-independent intensi- 
ty 1/ T • Laplace transformation gives 

r-* ft- 

N(s) = l/(s 2 T c ), so, by (A9): P Q (S*) - <\ + gT 
and by inverse Laplace transformation 
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■**. 



5<0 =iH ] P.M** ds = e 



(A12) 



The other distributions P (t) are found to be the gamma distributions cha- 
racterizing the ordinary Poisson process. This is all very well known and 
should just illustrate that the general formalism based on (A5) and (A9) 
works in the classical limit but that the result (A12) never approaches a 
constant finite value and therefore cannot reproduce the quantum mechanical 
probability for the qualitative jump. 

For the zero point noise we can determine N(t) directly from eq. (17) 
and find it analytically expressed by exponential integrals 



j N(t) = £ U /v > E/VO - e t/Ti Ei(V-q)] + * + '4 (fll3; 



where is Euler's constant. In the two limits 1<KT" and 1)>T- we have 



9 t* /3 



N6fc) - i l (A14) 

5(^-1- ln£.) = f ln|> for "t »T t 



By Laplace transformation of eq. (17) we find 

1 5T; 






(A15) 



and hence, from (A9) 



P„(s) - b(9^ -1)] 



(A16) 



When using this expression in the inverse Laplace transform (A12) we let 
be an infinitesimal positive quantity, i.e. s = -iU) + 0+, and 
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,h ^C- = ,n Twrjl + .i a, sijnfa) 



ST; 

so that P (t) can be calculated by the real integral 



u«-f 



o 

7-1 + w^f ) Lt ">soot + +(? In ^ + i + ^f) sin art J , 

- (AtO (A17) 



wE?h^ tlt^js^fj 



which can be determined numerically for all values of P . It will always 

decrease monoticall from P (0) = 1 to P (oo) =0. 

o o 

As shown in sec. 6 the ideal case is characterized by a small value of of 
the order l/lnCCJ./T. ) because N(t) shall have nearly constant value of the 
order unity when t is of the order TT-^U . We can estimate P in the follow- 

ing way: The microtime T t. is about h/E where E«jleV is a suitable activation 

—15 —9 

energy, i.e. T. W 10 s. Putting t % 10 s we find 



$> & OM 



(A18) 



For such small values , P (t) will be nearly constant in a large interval 

around TT„ . 
M 

In order to find P (t) in the appropriate limit we put 



9 ~ \ ¥~ ( A19 > 

J In Jfi 

T 

so, by letting TT -> OO for fixed q and T' we find: P (t) = C(£) + S(j) 
where f - t/f and C(f) and S(f) are respectively the cosine- and the sine- 
part of the integral (A17) 

OO . 



A f sin u.§ i \ 

,r\ P_f Ctu y| r__f^__ =r ^ 
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This approximation can also be used in the limit t » T. if we, instead of 
defining q by (A19) use the slowly time-dependent function q - N(t), so 



p(d\ ~ 1 (A20) 



and for the other distributions P (t) we find 

n 



^ u 4 + Nft) L >| -hi 



4 + Nft) ' M i-N(t)-l 

showing that in this limit we have a geometric distribution for the number of 
events, quite different from the Poisson distribution in the classical limit. 

For the case jp = 1 the integral (A17) has been evaluated numerically. The 
following interpolation formula gives the result to 4 decimals (x = t/'C.): 



i 



P = 4 
o 



* exp{-x 1,75 (-.0276x 3 + .1858x 2 -.5375x+.9598)} for O^x^l 
2.2088x -5 -7.3107x" 4 +8.2578x" 3 -3.4264x" 2 +.6146x _1 +.2155 for I<x45 

_o/p _1 —1/? —1 

(lnx+3.9256x -3.0034x +1.7651x ' +1.7511) for x>5 



The interpolation formula can easily be inverted on a programmable calculator 
and the stochastic process can then be simulated in the following way: 

a) We choose an x = t/ tJ. and calculate u - P (x). 

i o 

b) We generate a random number v with a uniform distribution between and 1. 

c) If v < u the number of events es zero (simulation over). 

d) If v ) u we determine x, = P (v), and x, is then the time of the first 

' 1 o 1 

event. 

e) We then go back to a) using x as the new origin of time and x - x as 
the new value of x. This procedure continues summing the number of events 
until it ends in point c) . 

The following table gives results for 100 simulations with x = 10 ( ^ = 1). 

no. of events: 0123456789 

no. of simulations: 28 16 13 11 10 8 5 6 2 1 
Average: <n> = 2.52 (theory N(10) = 2.5363). Std. dev. <$ = 2.41. 
The fact that the standard deviation C is nearly equal to the mean value< n ^indi- 
cates a geometric process. So, we see that even though P = 1 is not a par- 
ticularly small value we find a nearly geometric distribution for the num- 
ber of events. 
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ABSTRACT. 



The Josephson effects associated with a thin insulating 
layer or a narrow constriction between two superconductors 
has important technological applications and also provides 
an instructive example of non-linear effects that may be 
studied with relatively simple methods. The system is 
dynamically analogous to a damped pendulum driven by a 
constant and an oscillating torque and may be simulated by 
solving a non-linear second order differential equation. The 
phenomena of phase- locking and transition to chaos are, 
however, much more conveniently studied by the discrete 
ci rcle-map. 

This paper discusses the connection between the 
continuous time Josephson equation and the discrete 
circle-map by the method of return-maps. It will be shown 
that the so called critical circle map in many cases (but 
not all) is associated with the transition to hysteretic 
behaviour of the Josephson junction. The critical circle 
map, exhibiting a fractal mode- lock i ng structure. is an 
example of the relevance of the mathematical theories of 
rational numbers to physics and is recommended as a good 
example of the challenges of experimental mathematics. 



1. The Josephson equation . 

Superconductivity is one striking example of a 
macroscopic quantum phenomenon. A crude explanation for 
metallic superconductivity is obtained by the observation by 
Cooper (1956) that the effective interaction between 
electrons through lattice vibrations (phonons) is attractive 
for states near the Fermi surface. so it becomes 
energetically favorable to form pair-states, the so called 
Cooper pairs. These pairs have spin zero and act therefore 
like particles obeying Bose-E i nste i n statistics. like e.g. 
the atoms of He* . and similarly to liquid Helium the 
electrons will condense in a superfluid state at 
sufficiently low temperatures. This is an example of a Bose- 
condensation due to the "social" nature of Bose-par t i c 1 es 
who, quite unlike the "exclusive" Fermi particles, prefer to 
occupy the same quantum state. 

The common wave function for the condensed Cooper-pairs 
thus acquires the status of a macroscopic order-parameter 
for the Superconducting state, and all of the most striking 
phenomena of superconductivity, like perfect diamagnetism 
(Meissner effect), flux quantization, and persistent 
currents, can be related to the quantum mechanical nature of 
this complex. scalar field that is coupled to the 
electromagnetic vector-field. The combined thermodynamic and 
quantum-mechanical theory leading to non- linear partial 
differential equations for these two fields was discovered 
already in 1950 by Landau and Ginzburg . and this 
phenomenolog i cal theory has later been able to account for 
the Josephson effects . 



In 1962 it was suggested by Brian D. Josephson that a 
thin insulating layer between two bulk superconductors 
should be able to carry a tunnelling supereurrent in the 
absence of any voltage. The magnitude of this current is 
given* by the dc- equation 

I s = I c -sin* (1) 

where I c is the critical current and * is the phase 
difference between the superconducting wave functions on the 
two sides of the barrier. In the presence of a voltage 
difference. V. over the barrier, the phase difference will 
increase linearly with time in accordance with the 
ac-equat ion 

d*/dt = 2eV/ft (2) 

where e is the numerical charge of the electron (thus. the 
charge of a Cooper-pair is -2e) and li=h/2n. h being Planck's 
quantum of action. Eq.s (1) and (2) together show that a 
constant dc-voltage over the junction will produce an 
ac-supercurrent with vanishing mean value- 
In practice, however, it is not easy to control the 
voltage across the junction. The experimental situation is 
one of current-control. because the resistance of the 
junction is much smaller than the resistance in the external 
wires. The junction-resistance is due to the normal (i.e. 
not condensed) electrons, and this normal fluid is thus 
providing an extra channel for the current, parallel to the 
super-channel described by eq. (1). The normal current is 
given by Ohm's law: 
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I n = V/R n (3) 



where R n is the normal resistance. Finally, if the junction 

has a non-vanishing capacitance, C» the following 

displacement-current must be added to the super- and the 
normal current: 

I d = C-dV/dt (4) 

The resulting model, called the resistively and 
capacitively shunted Josephson junction, is very successful 
in explaining the observed current-voltage characteristics, 
when a Josephson junction is exposed to a microwave field. 
The effect of the microwaves is then described by an 
ac-current source, I^-sinwt, added to the dc-current, ^DC - 
The model in fig. la corresponds to the equation: 

*d + *n + I s = *DC + lAC' sinwt (5) 

This equation can be reduced to a dimens ionl ess form in 
the following way. First, we measure the currents in units 
of the critical current, I c , putting 

I = Idc/Ic : A = I AC /I C < 6 > 

Next, we note that the super-channel, described by eq.s (1) 
and (2). for small values of the phase * acts like a self- 
i nductance 

L g = h/(2el c ), (7) 

so the ratio between this quantity and the normal 
resistance, «r = L s /R n . can be used as a unit of time. Thus, 



we introduce the symbols 



# = «r°d<s/dt J * - T 2 -d 2 */dt 2 ; f = x-w/2n 



(8) 



and get the following second order differential equation: 



Q*°« + * + sin* = I + A-sin(2nfT) 



(9) 



where T = t/*r, and Q is the dimens ionl ess quantity 



Q = R n -V 2el c C/h. 



(10) 



As shown in fig- lb the Josephson equation (9) may just 
as well describe a classical mechanical system: a damped and 
driven pendulum- The device may be constructed as metal disc 
with an excentrtc mass. M. and a friction unit. F. (e.g. a 
magnet). Through a torque-control unit. T. the experimenter 
should be able to apply a torque, consisting of a constant 
part superposed on a sinusoidal ly oscillating part. to the 
pendulum- The correspondence between the parameters and 
dynamic variables of the two analogous systems is shown in 
the table below. 



Josephson junction 



Pendulum 



Phase * 
Supercurrent I s = I c sin* 
Normal current 
Capac i tance C 
Applied current Ijjq + Ij^q 



Angle from vertical 
Torque from gravity 
Torque from friction 
Moment of inertia 
Appl ied torque 



In the following, however, we shall use "Josephson 
language", mainly because there is a wealth of experimental 
data to compare with for many different types of 
superconducting weak links. Before we go on to discuss such 
data we may remark the following on the different time 
scales in question. In addition to the inductive relaxation 
time t. used as the time unit in eq. (9). and the period of 
osci 1 lat ion -r/f of the ac-current (the microwave field), 
there are two other characteristic times. One is the 
capacitive relaxation time 

R n -C = Q 2 -r (ID 

and the other is the period of oscillation of the undamped 
"Josephson plasmon" or the undamped pendulum near the stable 
equilibrium in the absence of driving torques: 

2n-Vt s -C = 2nQ'x . (12) 

The parameter Q is the quality factor for the plasmon- 
resonance; the motion will be oscillatory only for Q > i*. A 
reason for using Q as the parameter instead of "the damping 
factor", G = 1/Q. is that it becomes easier to consider the 
case Q = 0. which is not a case of "infinite damping", but 
rather of vanishing capacitance. This case is particularly 
relevant for the case when the Josephson junction has the 
shape of a "Dayem-br idge" . i.e. a narrow constriction in a 
thin superconducting film. The model in this case 
degenerates into "the resistively shunted junction", 
described by the first order differential equation (9) with 
Q =0. 



The experimental current-voltage characteristic with 

and without a microwave field present are sketched in f ig, 

2. (For a more detailed account, see ref. 3, and references 

therein). The figure applies to the cases Q < ^', for greater 

values of Q the curves will exhibit hysteresis. The voltage 

measured is not the instantaneous value of V. but rather its 

mean value over a long period of time. A dimens ionl ess 

measure of the voltage is the mean value of the phase 

derivative <$». This is related to the so called winding 

number , W» i.e. the average number of full turns of the 

phase per period of the ac-current (we always assume there 

is an ac-current with frequency f. even though its amplitude 

A may be zero): 

, . *(T) -♦<<>) <*> 

B = lim = (13) 

T-)« 2nT-f 2nf 

For Q=0. A=0 the IV-curve is a hyperbola approaching 

Ohm's law for the normal metal as I goes to infinity. but 

for A>0 there is a step in the current for every voltage 

that corresponds to an integral value p/1 of the winding 

number W. These are the so called harmonic steps , and 

their magnitude can be shown to go like the Bessel function 

Jp of the amplitude A. The supercurrent (p=0) should thus be 

reduced for A>0, but for real junctions there will often be 

an enhancement instead. This enhancement, the Dayem effect, 

is one of the few qualitative features that are not revealed 

by eq. (9) but must be explained by the microscopic 

theory* . 

The subharmonic steps (not shown in fig. 2) for 
W=p/q, q>l, exist for all rational values of W and will be 
discussed in the following sections. 



2. From continuous to discrete time . 

The integration of the Josephson equation (9) is in 
principle straightforward, but very time consuming on a 
digital computer. A fast and reliable analog computer is the 
best tool, but this is very expensive, and the programming 
is rather intricate due to the presence of the sin*. In this 
paper we discuss an alternative approach: the integration is 
done on an ordinary digital computer of a type that is 
common in high- schools and private homes (Amstrad 6128). but 
the results are presented graphically in a way that makes a 
transition to a discrete time model possible. Afterwards, 
the qualitative features of phase locking, bifurcations and 
chaos are investigated by the discrete model. the 
c i re 1 e-map. 

The method of integration is a 4th order Runge Kutta 
with variable step-length. When the four parameters Q. I. A 
and f have been chosen, the integration leads to a definite 
trajectory for every initial value of «t> (in the interval 
from to 2n) and *. As the system is dissipative. the first 
part of the solution will be transient and has to be 
integrated out before the results start to have significance 
for the I-V characteristic. The determination of the 
observed voltage will then require a long period of 
integration before the mean value of * has attained a 
reasonably stable value. So a single I-V characteristic, 
where I is the only parameter to be varied is a tedious job. 
In the following we keep the ac-amplitude and the driving 
frequency fixed. A = 1. f = 0.4. 

The period of the ac-current. 1/f. is the only natural 
unit of discrete time. At all the times 0. 1/f. 2/f. 3/f . 



the situation wi th respect to the external world is the 
same. If we could find a simple mapping from the state (*.*) 
at one of these times to the state at the next time in the 
discrete series, the whole investigation could be made much 
faster. 

For the case Q = the situation is even simpler, 
because ♦ is the only state variable. Instead of * we use 
the reduced phase 

y n = ♦<n/f)/2n (14) 

so when ♦ is confined to the interval from to 2n. y will 
lie between and 1. The return map . F. defined by 

y n+1 = F(y n ) (15) 

will then be well defined, and because there is a unique 
solution curve for every * at a given time, we can be sure 
that F is a monotonous function. In some cases the discrete 
solutions y n will repeat themselves after a small period and 
a graphical representation of y n+1 versus y n will only show 
isolated dots, but in other cases a whole curve can be 
traced out. Fig. 3 shows such a case. 

In general the return map for the Josephson equation, 
when it exists, can be shown to be a circle map . i.e. a 
non-linear mapping of the unit circle on itself. The 
function F has two points of inflection and is reasonably 
well described as a case of Arnold's sine map : 



y n+1 = y n + Q - (K/2n)-sin(2n-y n ) 



(16) 



where the values of the dynamical variable y have to be 
reduced to the interval between and 1. When comparing the 
return maps (15) to the sine map (16) one must allow for an 
arbitrariness in the choice of the phase of the ac-current 
at the discrete instants picked out. This means that there 
will be an arbitrary offset in the y-scale. so that the two 
points of inflection do not occur for y=0 and y=i2, as they 
do for the sine map. This is. however, not essential. 

The surprising thing is that the sine map fits the 
return maps so well, even when Q > and the state space is 
two dimensional. The explanation is that the dissipative 
character of the system ensures that the discrete motion in 
the (♦.*) plane after the transient period will be 
restricted to an attractor of dimension lower than 2. and 
that in typical cases this attractor will define * as a 
single-valued function of *. For Q=0 we have according to 
(9): 

* n = I - sin* n (17) 

so for small values of Q we can expect something similar. 

For Q=0 the return map is necessarily increasing. so 
the parameter K for the approximating sine map is less than 
1. The circle map is then subcri tical . The value of K is 
one minus the slope of the tangent at the point of 
inflection (comp. fig. 3). For Q>0 we may find a 
supercr i tical return map with K>1 and negative slope of 
the tangent, as shown in fig. 4. Correspondingly. in such 
cases the discrete attractor in the (*.♦) plane for some 
values of * allows more than one value of *. as can be seen 
in fig. 5. A closer inspection of the supercritical return 
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maps reveal small wiggles. so they are not strictly 
univalued 5 . but for a slightly supercritical case the 
wiggles are too small to be seen on a normal scale and are 
not important for the gross features of the I-V 
characteristics. Me conclude that the return maps for the 
Josephson equation are well described by the sine map for 
the subcritical. critical and slightly supercritical cases. 

When investigating the dynamics of the sine map (16) 
one normally chooses a fixed value of K and determines the 
winding number 

W = 1 im (y n - y )/n (18) 

as a function of the parameter Q. It then turns out that 
phase-locking occurs for every rational value W = p/q in a 
finite Q-interval. These phase locking intervals correspond 
to the steps on the Josephson I-V characteristics. both 
harmonic and subharmonic. but the correspondence is not 
straightforward, because when we vary I alone, both O and K 
change; qCD is increasing, while K(I) is decreasing. For 
some values of Q a transition takes place from supercritical 
to subcritical behaviour when I increases beyond a value 
Ij(Q). The transition can only be seen on the I-V curves 
when I^Q) is greater than the smallest current that allows 
a solution with nonzero voltage. For A=l. f = 0.4 this will be 
the case in the interval 0.4<Q<1-1; I t has a maximum fe 13 
for Q fc V No supercritical parts can be found on the I-V 
characteristics for these values of A and f with winding 
numbers above 0.44. 

Fig. 6 shows three different return maps for the same 
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urrent I = 105 but three different Q-values. 0.3. 1. and 
1.5. For Q = 1 we see only three isolated groups of points 

f three points each. This is a case of phase- locking and 
the winding number is 1/3. but as there are nine points the 
mode structure is not 1/3. but 3/9. For a supercritical case 
there are several modes for some of the winding numbers that 
correspond to irreducible fractions p/q. This is because 
there is a local maximum on the circle map for K > 1. and 
therefore we can expect to find traces of the Feigenbaum 
route to chaos superposed on the mode locked steps. 

For the subcritical circle map there is a finite 
measure of ||-values giving an irrational winding number, but 
in the critical case. K = 1. this measure is zero and the 
values form a Cantor-set of fractal dimension 0.87. as will 
be discussed in the next section. For supercritical cases 
some of the phase-locked Q-intervals overlap. meaning that 
we can find different winding numbers for the same Q. This 
gives rise to hysteresis in the Josephson I-V curves. a 
feature that can be used for distinguishing supercritical 
regions from subcritical ones when looking at experimental 
data. However. there is another sort of hysteresis as 
regards the supercurrent for Q > 1. For Q = 1.5 we can lower 
the current from above 1 down to about 0.7 and find a 
subcritical circle map all the way. until it touches the 
line y n+1 = y n . at which point the transition to zero 
voltage suddenly takes place. Raising the current again we 
stay on the supercurrent (the 0/1 step) until the current is 
almost 1. when the winding number- changes discont inuously 
from to 0.41. Apparently the return map between these two 
transitions includes an isolated point on the line. 
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3. The critical sine map . 

The winding number K as a function of the driving 
parameter o for the sine map forms, a "Devil's staircase". 
For the critical case K = 1 the staircase is complete, which 
means that the steps forr rat ional W together have the same 
measure as the q- domain, although they do not cover it 
completely but leave a Cantor-set of zero measure- 
Considering a as a function of W we have the curious case of 
a function that is discontinuous for all rational values, 
but continuous for all irrational values of W . Fig. 7 shows 
a graph of the complete staircase for < q < \%. This is 
sufficient, because W(l-Q) = 1 - W(O) . 

The dynamical process for the critical sine map can be 
depicted as in fig. 8, where subsequent values of y (reduced 
to the interval between and 1.) have been plotted while a 
slowly increases from to 12. There is no real "chaos" in 
this picture, although it may look so. An irrational winding 
number corresponds to a quite regular motion on the circle, 
although it never repeats itself. 

The critical sine map is particularly interesting 
because it shows a universal scaling structure common to all 
circle maps with a horizontal slope at the point of 
inflection, provided that the local behaviour is cubic. 
Shenker showed' for the Fibonacc i -f ract ions Qn^^n+l' wnere 
the numerator and the denominator are consecutive members of 
the Fibonacci-sequence 

1, 1, 2,3, 5. 8. ---, q n = q n _j + q n _ 2 . - - (19) 

that the stability intervals asymptotically scale with the 
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power law 

AClUn-j/q,,) oc q n - 2 - 164 (20) 

If all stability intervals for W = p/q scaled with the 
denominator in. the same power, -oc. we could easily calculate 
the fractal dimension for the set of QS with irrational W. 
If L(A) denotes the measure seen when all stability 
intervals less than A are ignored, we have 

dL(A)/dA oc -q(A) 1-et -dq(A)/dA (21) 

where we have used that the number of irreducible fractions 
with denominator q is proportional to q. asymptotically. The 
quantity q(A) is the largest denominator whose stability 
interval can be seen with the A-scale. i.e. q oc A -1 /*. and 
therefore 

dL(A)/dA oc A' 2/o{ (22) 

But by definition^ of D. the fractal dimension, L oc A 1- . so 
we should have 

D = 2/oc (23) 

Shenker's value, oc = 2.164 would thus give D = 0.924. A 
direct measurement using calculated stability intervals and 
the definition of D gives however 9 . 

D = 0.870 (24) 

so, it seems that the Fibonacci fractions studied by Shenker 
are not very "typical". In fact they are extreme in the 
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sense that the Fibonacci intervals are always the largest 
for fractions with the same denominator. Another extreme are 
the fractions 1/q which always have the smallest intervals 
for the given q. These intervals are easily shown to go like 
q~?, a consequence of the fact that II rises like a square 
root on the lowest part of the Devil's staircase. 

The best way to define what is meant by '.'extreme" or 
"typical" fractions is based on the continued fraction 
expansion 

p/q = l/< ai + l/(a 2 + 1/U 3 + • • • +l/a N ))--) (25) 

The number of terms. N(p/q) can be shown to lie between the 
limits 1 and N max (q). where N maX (q) is the number 
characterizing the Fibonacci-fractions for which all the 
terms are 1. Asymptotically for q large: 

lnt(3— t) *q] 
^ (q) = ""* ^ qJ (26) 

-max lnv 

where t = (\£+l)/2 is the golden mean (1/ir is the limiting 
value of the Fibonacci-fractions). An even better way of 
Characterizing the fractions is to use the sum of terms 

S = Ea n (27) 

For given q. S will lie between the maximum q (for 1/q) and 
the minimum^ attained by the Fibonacci-fractions 

Smin<«> = N maxl<l> (28) 

As a rule of thumb one can say that the length of the 
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stability intervals Afl(p/q) depends only on q and S. i.e. if 
two fractions have identical values of q and S we can be 
sure that the corresponding stability intervals have equal 
lengths within a few percent, even if their N values differ. 

Away of characterizing "typical" fraction is suggested 
by the result 10 that the values of N for large q are 
normally distributed around the value 

121n2 . oov 

N t (q) = — lnq (29) 

IT 2 

with a standard deviation given by lnH t . The value N t is 
about 40% of N max . If we look at the quantity 

o(q.S) = [1 + (S - S min )/(N t lnN t )]* 1 (30) 

we can see that it is confined to the interval between and 
1. Furthermore, it will have a rather stable distribution 
around the "typical" value 12. An empirical formula for the 
phase- locking intervals is given by 

AQ(P/q) * b-(q/r)~ 6 <°> (31) 

where b fa 0.035 and r fc 2.8. The exponent 6 is given by the 
expression (30) using the interpolation formula 

6(0) ss 2 + 1/(5.1 -o + 1) (32) 

The expressions (30)-(32) summarize some of the main 
known features of the critical sine map and give within 10% 
uncertainties the correct magnitudes of the intervals. at 
least up to denominators about 100. However. it does not 
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pretend to give any exact insight in the self-similar 
structure. The self-similarity is not strict. but slightly 
modulated from place to place on the staircase. but still, 
the overall fractal dimension D = 0.870 seems very well 
defined. The universality of this result is confirmed by 
direct measurements of D on the critical steps of 
IV-character ist ics for Josephson junctions simulated on an 
analog computer**. 

A proper theory for the scaling properties may lie 
hidden in the particular ordering of rational numbers known 
as the Farev-tree 12 . For a given value of the sum S (S>1) 
there are exactly 2 s " 2 irreducible fractions between and 
1. which suggests that all these fractions may be ordered in 
a binary tree where each layer has a constant S. As shown in 
fig. 9 the construction is very simple-' a fraction is formed 
by adding both the numerators and the denominators of the 
nearest adjacent fractions on the left and the right in the 
layers above. This will preserve the natural ordering of all 
the numbers from left to right. Fig. 9 shows also how to 
determine the number of terms in the continued fraction 
expansion by visual inspection: The branches of the tree are 
drawn alternating between solid and dashed lines. By 
starting in the point 1/1 where N=l and going to another 
point p/q. N is increased by one for every solid line and 
stays constant on the dashed lines. 

The number theoretical mysteries hidden in such hard 
boiled physical problems as the Josephson junction and the 
pendulum have just begun to reveal themselves through the 
experimental mathematics of the circle maps. 
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Figure captions . 

Fig. 1 . Iconic models of physical analogies for the 
Josephson equation. 

Fig. 2 . Current (I) - voltage (V) characteristics for 
Josephson junction. Solid curve: without ac- 
current. Dotted curve: with ac-current. Line: 
normal conductivity. 

Fig. 3 . Return map for Q=0 showing how to determine K 
by the slope of the tangent at the point of 
inf lection. 

Fig. 4 . Supercritical return map. 

Fig. 5 . Discrete attractor corresponding to the return 
map of fig. 4. Horizontal: ♦. vertical: *. 
The arrow indicates a place where <t> is not 
uniquely determined from ♦• 

Fig. 6 . Three return maps for the same current. 

Fig. 7 . Devil's staircase for the critical sine map. 

Fig . 8 . Dynamics of the critical sine map. 

Fig. 9 . The Farey-tree. 
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ABSTRACT 



The aim of the Copenhagen interpretation of quantum 
mechanics is to provide a semantics for the symbols of the 
mathematical formalism. Niels Bohr's early philosophy which 
has a direct connection with his later ideas of 
complementarity is inspired both by danish existentialism 
and american pragmatism. The founder of pragmatism, 
C.S.Peirce. was, however, not known to Bohr, and Peirce's 
complete classification of non-linguistic signs has never 
been considered in connection with the Copenhagen-semantics, 
which is therefore in certain respects incomplete. In this 
paper it will be argued that Peirce's semiotic is a natural 
basis for quantum-semantics and that his "synechistic" 
concept of local realism can be tested experimentally. This 
opens a possibility of avoiding some of the extravagant 
ontological interpretations that have emerged in later years 
inconsequence of the experimentally observed violations of 
Bell's inequalities. 

For the edition of this paper as an IMFUFA-text two 
appendices have been added given pictorial derivations of 
some of the more formal istic points. Appendix A considers 
Peirce's logic of relations and his triadic doctrine of 
categories for the purpose of a general classification of 
signs. Appendix B discusses the derivation of Bell's 
inequalities from the classical calculus of logic without 
introducing local hidden variables. 
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The Copenhagen interpretation is often regarded as 
identical with the pure mathematical formalism and many 
textbooks nowadays neglect the epistemological questions 
that were so important before the formalism got its final 
shape in the late twenties. This neglect of philosophical 
questions may be partly due to Bohrs attitude in his later 
years where he emphasized that ordinary language is 
insufficient and even misleading and that it must be 
replaced by the mathematical formalism. This attitude seems 
to have been connected with scepticism towards philosophy in 
general, at least it has been interpreted in this way by 
philosophers of a somewhat positivistic inclination who tend 
to disregard the important role of philosophy as inspirator 
for new developments in physics 1 . 

However, in his younger years Bohr was very engaged in 
philosophical speculations, and there is a strong historical 
evidence 2 indicating that the philosophy of complementarity 
was evolved long before quantum mechanics and is influenced 
by several streams of philosophy as focused by Bohrs 
Philosophical teacher Harald H0ffding. Max Jammer 3 has 
pointed out the influence from the danish existentialist 
S0ren Kierkegaard as important for an understanding of 
Bohr's ideas of the quantum jumps, and Witt-Hansen 4 has 
drawn attention to the continuity-thinking of Leibniz, as 
mediated by H0ffding, which seems closely connected with 
Bohr's correspondence-principle. 

In this paper we shall look upon the influence from 
american pragmatism as exposed by William James (and 
H0ffding) and the regrettable lack of influence from its 
originator. Charles S. Peirce, who was unknown to Bohr and 
has been neglected by and large in this century, until quite 
recently. The author's interest in these questions of 
history of philosophical influences on quantum mechanics is 
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not so much connected to historical philosophy as to the 
conviction that the difficulties of interpretation that 
confront quntum mechanics nowadays, especially after the 
Aspect-experiments, are real and serious and concerning 
semantics, not the mathematical formalism. 

Many weird ontologies, involving backwards causality, 
splitting universes, telepathic synchronicity , or just a 
plain old-fashioned pre-established non-local harmony are 
invoked in these years in order to explain the observed 
violations of Bell's inequalities. The author believes that 
such ontologies, although some of them are interesting and 
may be valuable in other contexts, have nothing to do with 
quantum mechanics, which is a simple and logical theory with 
the very limited scope of explaining elementary phenomena of 
the atomic world in a consistent way. 

It will be argued that, according to Peirce, a local 
realism is not identical with the existence of local hidden 
variables and therefore not automatically leading to Bell's 
inequalities. The Aspect experiments are convincing proofs 
of the validity of the quantum formalism under the 
circumstances set in the laboratory, and, although some weak 
loopholes remain, they may be regarded as counterproofs of 
theories of local hidden variables. This does not mean, 
however, that the concept of local realism, or Einstein- 
separability, has been disproved. The "synechistic" sort of 
local realism, as proposed by Peirce, has never been 
subjected to an experimental test, although it could easily 
be by a small alteration that would bring the experiments in 
closer relation to the thought experiment proposed by 
Einstein, Podolski and Rosen. Until now the experiments have 
just pointed to the need for a semiotic reconsideration of 
the quantum formalism but cannot be taken as evidence for 
the validity of extravagant ontologies. 
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H0FFDING, AND THE YEARS OF ECLIPTICA. 

Niels Bohr began the study of physics at the Copenhagen 
University in the year 1903. At that time all students were 
initiated to the academic world through an introductory 
course in "propedeutic philosophy". The professor of 
Philosophy, Harald Htfffding, was an old friend of Bohr's 
father and had been a frequent guest in their home where 
lively discussions of science, philosophy and politics took 
place. Niels and his brother Harald were thus well prepared 
to take part in a continuation of the cross-cultural spirit 
of Copenhagen from "the golden age" in the 19th century. The 
fertile ground created by such giants as N.F.S.Grundtvig and 
S.Kierkegaard was still blossoming at the turn of the 
century with a new poetic realism and impressionism in the 
litterature and a cultural radicalism in philosophy and 
politics, opposed to the dictatoric conservative Estrup 
government and with Htfffding and the brothers Brandes as 
leading figures. 

In the autumn of 1904 Htfffding made a journey to USA 
and England. After having returned full of new ideas he 
started a series of philosophical colloquia at the 
university. A group of 12 students attending these 
colloquia, among them Niels and Harald Bohr, formed a circle 
called Ecliptica with the purpose of further discussions of 
the philosophical topics that Htfffding called their 
attention to. We have no detailed written reports of the 
discussions at these meetings, but we know that the 
atmosphere was stimulating, although heavily polluted with 
tobacco smoke. Not less than three internationally 
recognized "Copenhagen schools" have emerged from this small 
circle, viz. Niels Bohr's in physics, Edgar Rubin's in 
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psychology, and Viggo Br0ndal's (and Louis Hjelmslev's) 
structural linguistics. 

One of the Copenhagen philosophers of the 19th century 
that must have played a great role in the discussion's is 
S0ren Kierkegaard, a highly religious thinker who exhausted 
himself in violent attacks against the established church. 
H0ff ding was an expert in Kierkegaard's philosophy and 
considered his existentialists writings on the choice and 
"the qualitative jump" to be of importance far outside 
theology, in the general logic of concepts and psychology. 
Kierkegaard was very critical against Hegel's dialectical 
philosophy, especially the thesis of quantity turning over 
into quality. In several books from around 1845, e.g. 
"Begrebet Angest" (The Concept of Dread) he analyzes the 
free choice as something that cannot be reduced or explained 
away by quantitative means. The choice is a qualitative jump 
confronting the subject with a vacuum that creates 
dizziness, nausea and dread. Kierkegaard employs a peculiar 
circular or "bootstrapping" logic in describing the jump, 
which is said to be a choice between possibilities that are 
presupposed or preset by the jump. H0ffding's first series 
of colloquia in the spring of 1905 were discussions of the 
concept of free will and Kierkegaard's ideas must have had a 
central place. Niels Bohr has in several letters from 1909 
reported how his own readings of Kierkegaard made a deep 
impression on him, and it is rather easy to see how many of 
his more cryptic remarks on complementarity bear a close 
resemblance to Kierkegaard's formulations. 

Another important influence on Bohr's thinking in the 
early years of Ecliptica comes from America, viz. William 
James. During his stay in USA in the autumn 1904 H0ffding 
had been the guest of William James and' in his memoirs -' he 
describes what great inspiration the contact with James had 
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been to him; In an interview given to Thomas Kuhn and Aage 
Petersen 1 the day before his death Bohr tells that he read 
William James in his young years and that James' description 
of "the stream of consciousness" had made a lasting 
impression on him. 

Besides being a pioneer of depth-psychology James is 
also considered the founder of the pragmatic school of 
philosophy. This school is founded on the so called 
pragmatic criterion of meaning which is closely related to 
Bohr's semantic thesis that the meaning of the quantum 
mechanical symbols is set by the experimental context. James 
himself, however, did not consider himself the inventor of 
pragmatism but pointed to his old friend Charles Sanders 
Peirce who had first formulated the pragmatic criterion of 
meaning in a paper "How to make our ideas clear" from 1878. 
There is no indication that Htfffding or Bohr knew anything 
of Peirce 's philosophy, but there is an indirect connection 
so far as James* influence is important and is inspired by a 
life-long acquaintance with Peirce. 

Another indication of an indirect connection from 
Peirce to Bohr is found in the fact that H0ffding after his 
stay in America went to England in the late autumn of 1904 
where he stayed as a guest in the house of another of 
Peirce's close friends, the Lady Victoria Welby. A great 
part of Peirce's general theory of signs, semiotic, is 
evolved in letters to Lady Welby who herself had made 
original contributions to the theory of semantics. Peirce is 
known to have warned Lady Welby "perhaps you are in danger 
of falling into some error in consequence of limiting your 
studies so much to language" 6 . Unfortunately, this warning 
never went through to Bohr who remained "suspended in 
language"' . 
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WHAT WENT WRONG IN COPENHAGEN? 

In his discussions with Einstein at the Solvay meetings 
1927-30 Bohr maintained the pragmatic attitude that the 
meaning of the symbols for position and momentum is set by 
the apparatus of measurement which itself is subject to the 
fluctuations described in Heisenberg's uncertainty 
relations. These fluctuations are thus inherent in the 
quantum mechanical semiosis , and we are not allowed to say 
that some "true" values are "disturbed" by the measurement 
process, because true values are created by the measurement 
and must not in general be assumed to exist by themselves in 
nature. This is all very much in accordance with Peirce's 
epistemology as described in an article from 1892°. Peirce 
would also agree with Bohr in the view that physicists must 
allow God the freedom to play dice. This view, that chance 
is a genuine and irreducible factor in the physical universe 
was advocated as "tychism" in the above mentioned article. 

Einstein tried at the Solvay meetings to demonstrate 
that quantum mechanics was inconsistent , i.e. that it 
contained an intrinsic logical flaw that would turn up in 
situations clearly within the scope of the theory. However, 
after 1930 he seems to have been convinced of its 
consistency within a limited field. His next attack, in 1935 
with Podolski and Rosen^. is an attempt to demonstrate the 
incompleteness of the theory, i.e. that there are real 
situations where the theory cannot be applied or where it 
would lead to false predictions if one tried to apply it. In 
the light of Godel's incompleteness theorem from 1931 the 
accusation of being incomplete would not seem so serious, 
because in mathematics this property is a necessary 
consequence of the consistency of the theory. Probably 
Einstein thought that the situation was analogous in 
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physics, although he did not refer to Godel's theorem. He 
had at that time just obtained a permanent position in 
Princeton and was joined by Godel shortly afterwards. 

In Copenhagen,, however,; the distinction between 
consistency and completeness was hardly noticed. L. 
Rosenfeld who took dictations from Bohr in his reply to 
Einstein, Podolski and Rosen. ;(EPR) has in the memorial 
volume "Niels Bohr" 10 given a vivid report on the efforts 
which leaves the impression that Bohr was trying to live up 
to his image as the great champion of the fights with 
Einstein rather than trying to understand in what respects 
the EPR paper presented a new viewpoint. Consider, for 
example the following quotation from Rosenfeld's report (my 
translation from danish) : 

"Day after day, week after week the whole argumentation 
was patiently investigated by means of simpler and more 
transparent examples. Einstein's problem was reshaped 
and its solution formulated again with such precision 
and clarity that the weakness in the reasoning of the 
critics became evident and their whole argumentation, 
in spite of all its fake spirituality, was shattered to 
pieces. "They do it nicely," was Bohr's comment, "but 
what counts is to do it correctly"." 

The myth about the "precision and clarity" of Bohr's 
reply to EPR 11 does not stand for a closer scrutiny. 
Einstein never understood it and consequently the debate 
came to a stalemate. J.S.Bell has declared 12 that Bohr's 
reply is "totally obscure" and similar but more vague 
declarations of uneasiness have been issued by Dirac and 
Feynmann. Even Bohr himself had to admit when he reread the 
paper in 1949 that he "strongly felt the inadequacy of 
expression" 13 . It is not the entire article that is obscure 
but a definite place that Bohr and Bell are referring to. 
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In the first part of the article Bohr pursues the line 
of argumentation that had proven so successful in the Solvay 
discussions : 

" The finite interaction between the object and the 
measuring agencies conditioned by the very existence 
of the quantum of action entails - because of the 
impossibility of controlling the reaction of the object 
on the measuring instruments if these are to serve 
their purpose - the necessity of a final renunciation 
of the classical ideal of causality and a radical 
revision of our attitude towards the problem of 
physical reality." 
This is still a physical way of reasoning and it does not 
exclude a realistic attitude but just a semiotically 
unreflected sort of realism that would ascribe definite 
numerical values to quantities of the undisturbed reality. 
There is a strong resemblance between the Bohr-quotation 
above and the way Peirce argues against "the doctrine of 
necess ity" in 1892 8 (but of course Peirce does not mention 
the quantum of action) : 

"Try to verify any law of nature and you will find that 

the more precise your observations, the more certain 

they will be to show irregular departures from the law. 

We are accustomed to ascribe these, and I do not say 

wrongly, to errors of observation; yet we cannot 

usually account for such errors in any antecedently 

probable way. Trace their causes back far enough, and 

you will be forced to admit they are always due to 

arbitrary determination, or chance." 

In connection with this view on observations in general 

Peirce criticizes "the necessitarian position - that certain 

continuous quantities have exact values" and concludes that 

"any statement to the effect that a certain continuous 
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quantity has an exact value, if well-founded at all, must be 
founded on something other than observation." In short: Bohr 
and Peirce agree that the analysis of the measurement 
process calls for a semiotic reconsideration of our notions 
of the undisturbed physical reality, but Bohr's argument is 
ontological, based on the existence of the quantum of 
action, whereas Peirce 's argument is epistemological and 
based on our inability to account for errors of measurements 
"in any antecedently probable way". One may conjecture that 
Peirce, had he known about the quantum of action, would have 
supported Bohr's argument wholeheartedly. 

< However, in the later part of Bohr's reply to EPR there 
is a sudden turning away from the, still potentially 
realistic, attitude in the first quotation. This is the 
exact place where the article becomes obscure (both 
according to Bell and Bohr) . In discussing the EPR thought 
experiment where a measurement on one particle can be said 
to affect the state of another particle Bohr writes: 

"Of course there is in a case like that just considered 
no question of a mechanical disturbance of the system 
under investigation during the last critical stage of 
the measurement procedure. But even at this stage there 
is essentially the question of an influence on the 
very conditions which define the possible types of 
predictions regarding the future behavior of the 
system . " 
This is almost certainly a place where Peirce would 
have objected, because Bohr tries to circumvent both realism 
(anti-nominalism) and synechism, i.e. the conception that 
signs exist outside the subjective mind and propagate 
through a continuum. 

It is not clear what connection there could be between 
the "finite interaction" in the first Bohr-quotation and the 
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"very conditions" in the second. When we make a measurement 
on particle 1 we have a free choice of measuring one or the 
other of two complementary properties of this particle, e.g. 
position or momentum. The choice between the two different 
ways of interacting with particle 1 according to Bohr 
prohibits the use of the EPR-term "the same reality" for 
particle 2, even though this particle is not affected by any 
mechanical disturbance, and this is because quantum 
mechanics forces us to regard the whole phenomenon of 
preparation and measurement as possessing an "individuality 
completely foreign to classical physics". The "very 
conditions" in the second quotation thus seems to be the 
formalism of quantum mechanics associated with the 
philosophy of complementarity, and Bohr is trying to 
persuade the reader to accept that quantum mechanics defines 
how the term "physical reality" may be correctly used. This 
is of course difficult to accept from a realistic 
standpoint: when the question is whether the quantum 
mechanical description of physical reality is complete, then 
the answer that quantum mechanics itself defines what 
"physical reality" is looks like a philosophical 
shortcircuit or cheating in the game of debate. 

Apart from breaking with realism the introduction of 
the "very conditions" also breaks with the locality 
principle, or synechism. When we measure one or the other of 
the two complementary properties of particle 1 without 
disturbing particle 2 then it is true that quantum mechanics 
gives an unambiguous prediction for the future behavior of 
particle 2, viz. a wave function corresponding to a pure 
state of that particle. The "finite interaction" is in this 
case only involving particle 1, but it produces via the 
"very conditions" a change of state of particle 2. Bohr 
seems to forget that we still have the possibility of making 
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an independent measurement on particle 2 and that this would 
amount to a test of the formalism that can be performed 
whether one accepts the influence via the "very conditions" 
or not. What about the "finite interaction" with particle 2 
that would be introduced by such a second measurement? Can 
we be sure that it doesn't produce a conflict with the "very 
conditions" if the two measurements really are physically 

independent ? These questions are unanswered in Bohr's 
article. 

According to the orthodox Copenhagen interpretation 
(after 1935) one is really not allowed to ask such 
questions. Rosenfeld, as the guardian of the orthodoxy, 
states^ that "the refusal of Einstein's criticism does not 
add any new element to the concept of complementarity". The 
rest is silence in Copenhagen. Attempts to formulate a 
realistic concept of the quantum world have been met with 
cryptic formulations stressing both that we are suspended in 
language, that the language is inadequate, and that our 
problem is to use the language correctly, which in most 
cases mean to abstain from the use of words and stick to the 
mathematical formalism, or to quote Bohr directly. 

The author believes that the orthodoxy after 1935 is 
due to the fact that nobody (including Bohr himself) ever 
understood what the "very conditions" are. Something went 
wrong in Copenhagen in the very moment they were introduced. 
Until then the Copenhagen interpretation had pursued the 
reasonable goal of creating a "minimal semantics" as v. 
Weizsacker states it, but afterwards even that task became 
impossible, because the "very conditions" create the 
illusion that the mathematical formalism makes up reality 
instead of describing it. A reconstruction of the original 
goal is very much needed nowadays, because the experimental 
violation of Bell's inequalities has created confusion. 
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THE IRREDUCIBLE SIGN RELATION. 

Following now the line of thought that the missing link 
in the minimal semantics of the Copenhagen interpretation is 

1) a way to include the concept of non-linguistic signs 
of an undisturbed physical reality in the formalism, and 

2) a description of conditions for their transformation 
to symbolic results of measurements, 

we shall see how this may be done with the use of Peirce's 
general theory of signs, semiotic. 

The first part of this program is in fact already 

achieved by Dirac with his introduction of the "kets" and 

i 

the "bras", the concept of a state vector without reference 
to representation. With Peirce's terminology the ket is an 
example of a "degenerate" type of sign called an index and 
the representation is an interpretant which in combination 
with the index creates a non-degenerate sign, a symbol 
(the bra-ket) . 

The second part amounts to a proper theory of 
measurement, and this is not easily achieved, but one may 
hope that Peirce's idea of continuity and connectedness of 
sign relations, synechism, which were first expressed in a 
paper from 1892* 4 , may add some simple criteria of 
connectedness as a necessary condition for a measurement 
apparatus to constitute an interpretant in a quantum- 
semiotic sign relation. At least this consideration points 
to the relevance of the connectedness of Aspect's equipment, 
the use of coincidence counters, to the contextuality of the 
measured polarizations, i.e. the non-locality exhibited by 
the violation of Bell's inequalities. 

The application of Peirce's ideas to quantum mechanics 
of course requires some reshaping of concepts and cannot be 
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totally faithful to the original formulations. This is, 
however, not as bad as it may sound. Peirce, unlike Hegel, 
never created a completed system, and his aim was to develop 
scientific methods that could be applied by future 
researchers in an unending development. His own development 
of semiotic is a good example, it is easy to find 
contradicting statements in his writings, but his ideas are 
continually gaining in integrity and generality, and from 
about 1885 to his death in 1914 they seem free of 
contradictions. It is not necessary to read everything he 
wrote in order to use his ideas (which would be impossible, 
as he wrote about 80.000 pages), a few hints are sufficient 
in order to grasp the method, and from there one may proceed 
according to need of new development. The best starting 
point is the logic of relations and the triadic doctrine of 
categories. These concepts lead in a rigorous way to 
hierarchical systems of sign-classification that very soon 
become general enough to encompass all conceivable types of 
signs. A very useful classification based on a twofold 
application of the triadic categories (with some "selection 
rules") gives ten classes of signs* . This is already too 
much for our purpose; as long as we are mainly interested in 
the way the sign refers to the object a single trichotomy is 
sufficient. 

Peirce 's triadic doctrine of categories is based on the 
observation that a network of relations in more than one 
dimension requires at least triadic relations. On the other 
hand it can be shown that relations of order higher than 
three always can be reduced to triadic relations. A sign is 
defined as a genuine triadic relation involving 

1. A primary sign or sign vehicle. 

2 . An obj ect . 

3. An interpretant . 
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APPENDIX A. 
PEIRCE'S CLASSES OF SIGNS. 

Peirce's semiotic is based on the logic of relations. 
In fig. 1 we look upon some of the most important 
observations in this discipline using a diagrammatic method 
known as bond graphs, where the relations are depicted as 
nodes and the constituent signs as branches of a network. 





A 




-o 



< 




Fig. 1 . Bond graphs illustrating logic of relations 



Reading the figure from the top, the first illustration 
shows that a combination of dyadic relations , i.e. 
relations between two signs always lead to a new dyadic 
relation. These relations belong to a one-dimensional logic, 
but are not sufficient to build a general network. The next 
illustration from above shows that a network in more than 
one dimension has to include triadic relations or higher, 
corresponding to nodes connecting at least three branches. 
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The third illustration shows that relations of higher order 
than three always can be reduced to triadic relations. 
Finally the last illustration shows an icon of a prototype 
of a genuine triadic, asymmetric relation, the sign 
relation. Although we say that relations are relations 
between signs the logic of Peirce states that a sign is a 
relation. The two concepts, sign and relation, define each 
other, just like, e.g. part and whole. 

The sign relation connecting 1. The primary sign, 2. 
The object, and 3. The interpretant gives rise to the three 
ontological categories, as described in the text, p. 16. In 
Fig. 2 the three factors of the sign relation are shown as 
the three axes of a coordinate system, and on each axis 
three points are marked, corresponding to the three 
ontological categories, firstness nearest to the origin. 



, 3 C interpretant) 
(argument 



*u 
s ii 



ai 



»Sj 



(prim.tegn) 




i" 4 ^** 1 



(objekt) 



tegntyper: 111 211 281 222 311 
321 322 331 332 333 



Fig. 2 . The classification of signs obtained by applying 
the ontological trichotomy to each of the three 
factors of the sign relation. 
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For the primary sign we get the three categories 1. 
qualisign, i.e. a pure quality (like the color red), 2. 
sinsign, a definite thing (like a particular red banner), 
and 3. legisign, a sign as representing a general class 
(like the banner of a trade union). For the object reference 
the trichotomy gives 1. icons, 2. indices, and 3. symbols, 
as discussed in the text, p. 16, and for the interpretant we 
get 1. rheme, or term, 2. dicisign, or proposition, and 3. 
argument . 

These three tricotomies can be combined in 27 ways and 
all these possibilities can be depicted as points in 
3-space. However, not all these 27 combinations correspond 
to legitimate sign-classes. There is a simple selection rule 
that may be formulated as follows: 15 
No lower order trichotomy can be applied to a lower place 
in the sign relation . 

This means that an argument must be a symbolic 
legisign, a dicisign may be a symbolic legisign or an 
indexical legisign or an indexical sinsign, whereas a rheme 
may be a symbolic legisign, an indexical legisign, an 
indexical sinsign, an iconical legisign, an iconical sinsign 
or an iconical qualisign. All together there are ten classes 
of signs. 

The reason why the selection rule is valid can be seen 
with a few simple examples: A symbol that refers to an 
object by some convention presupposes that the primary sign 
is considered as representing a general class, a legisign, 
e.g. in order to consider a red banner as a symbol of 
socialism we must know that such banners are used by trade 
unions for demonstrations on the first of may. In order to 
see the indexical reference of a banner to a particular 
trade union we must at least recognize it as a particular 
thing, a sinsign, and not just as "something red". 
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In quantum semi otic the most important trichotomy- 
regards the object reference. A full, non-degenerate sign 
relation is needed in order to give birth to a symbol. The 
bonds in the sign relation of quantum semiotic must be 
regarded as interaction bonds of a concrete physical 
nature. Each bond connects two physical systems and 
describes an elementary interaction, system 1 acts on system 
2 which acts back on system 1. In classical physics an 
interaction bond can be described with two symbolic 
variables, e.g. current and voltage, or velocity and force, 
such that the product of these variables gives the energy 
transfer per second, but in quantum mechanics no symbolic 
representation of these variables exist, because symbols 
presuppose a full sign relation of interaction bonds. The 
system theoretic description of the irreducible sign 
relation (p. 17) is illustrated on fig. 3. 

:a: Semiotic, Peircean sign relation 
i.sign [ ""* ) 2. object 




3. 
interpretant 



b: Interaction bond graph relation 



1. active 
system 
Cclassical field) 




8. reactive 
system 
<Q.N. object) 



dissipative 
system 
(registration device) 



Fig. 



The sign relation, as described by Peirce, and 
quantum semiotic. 



in 
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APPENDIX B. 
THE BELL - SANTOS INEQUALITIES. 

The classical calculus of logic assumes that it is 

possible for arbitrary propositions, a and b, to form 

negations, _1 a, "'b, conjunctions, a b, and disjunctions, ab 
according to the rules: 

"Ma b) = !a 'b ; '(a b) - ""a "'b (Bl) 

a (be) = (a b) •• (a c) ; a (b-c) = (a b) (a c) (B2) 

so that' the operations of conjunction and disjunction 
correspond to the forming of intersections, respectively 
unions of sets. Truth values of the propositions may then be 
generalized to probabilities, p(a), in accordance with 
Kolmogorov's axioms, so that 

P("'a) - 1 - p(a) (B3) 

P(a b) •- P(a) + P(b) - p(a b) (B4) 

These rules assume an absence of context, i.e. that the 
probability of a certain property, a, does not depend on 
whether another property, b, is being measured 
simultaneously. In quantum mechanics this assumption can 
only be satisfied for a set of mutually compatible 
properties, described by commuting operators. For a single 
particle this condition will be rather natural, because a 
proposition like a b will be meaningless for complementary 
properties, like spin-x and spin-y, unless the experimental 
context is. included in the propositions. For a two-particle 
system, however, we may find a set of properties, aj_, bj_, - 
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for particle 1, each of which being compatible with every- 
one of a set of properties, a 2 , ^2' ~ ^ or Particle 2, so 
that propositions like aj/b 2 are perfectly meaningful, 
regardless of context. 

For such a system it has been shown by E. Santos^* that 
the rules of classical logic, (Bl) - (B4) , lead to the 
following inequalities: 

< SUj^) .+ S(a 1 ,b 2 ) + S(bi,'a 2 ) - S(b 1 ,b 2 ) < 2; (B5) 
where S is the "measure of separation": 



S(a»b) - p(a) + p(b) - 2p(a b) 



(B6) 



Only the left inequality of (B5) is derived in Santos' 
paper, but the right one follows from the same formalism. 
Using the method of Venn-diagrams, in fig. 4 the measure of 
separation S(a<^,a 2 ) is represented by the shaded areas. 




Fig. 4 Venn-diagram showing S(a lf a2) as shaded area, 
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When we as in (B5) add three of the four separation 
measures combining a property of particle 1 with one of 
particle 2 and subtract the fourth we get the Venn-diagram 
of fig. 5. In this case all the shaded areas are counted 
twice, and as the total measure is unity we get the 
inequality (B5) . 




FisL 



Venn-diagram illustrating the derivation 
Santos' inequality (B5) . 



of 



The use of Venn-diagrams for logical derivations 
presupposes the validity of the rules (Bl) - (B4) so 
strictly speaking the diagrammatic proof of Santos' 
inequality assumes a total absence of contextual ity. This 
condition cannot be fulfilled for properties of the same 
particle that are assumed to be non-compatible. However, the 
inequality only contains measures of separation between 
properties of two different particles, and it will therefore 
be valid when the properties of particle 1 are independent 
of the context of measurement for particle 2 and vice versa. 
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The inequalities (B5) are identical with Bell's 
inequalities as derived by Clauser and Home (Phys. Rev. 

D 10 , 526 (1974)). For an experiment like Aspect' s 

first^, where the a's and b's are the propositions that a 
photon has been detected through a polarizer of a certain 
setting, we can translate inequalities (B5) introducing the 
coincidence probabilities by the assumption p(a j) =p (bj) = i£ : 

1 > p(a 1 -a 2 ) + p(a 1 b 2 ) + p(b r -a 2 ) - p(b 1 b 2 ) > 0. (B7) 

For example, if the four polarizer-orientations are chosen 
such that b^ and b 2 are measured in the same direction, 
whereas the other three directions form angles of 120° to 
each other, we find from the right inequality of (B7) » that 
the coincidence probability for two different directions 
should be greater than or equal to 1/6 (assuming that the 
coincidence probability is <2 for parallel polarizers). 
Quantum mechanics, on the other hand gives the precise value 
i2»cos^l20° = 1/8, a value that is confirmed by the 
Aspect-experiment, so there can be no doubt that (B7) is 
violated. This case is identical with the case discussed in 
the popular exposition by Mermin (Physics Today, april 1985) 
who, however, seems to forget that the actual experiments 
are made by connected pieces of apparatus, and that all the 
so called violation of local realism lies within the 
violation of the inequalities (B7) , which involves only 
coincidence countings. (See, however, Mermin's reply to 
comments. Physics Today, november 1985) . The claim that the 
connections are irrelevant for the observed non-locality or 
contextual ity is not well founded and can only be 
proven/disproven experimentally by doing the experiment 
without connections. The author's conjecture is that the 
inequalities will be satisfied for such an experiment. 
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Abstract 

The Doctrine of Signs, C. S. Peirce's Semeiotic, is closely connected 
with his evolutionary metaphysics. According to Peirce, generalization of 
individual events occurs in Nature and may be described as habit formation. 
In his phenomenology Peirce operates with three abstract categories or 
modes of being, namely Firstness, the potential Secondness, the actual, and 
Thirdness, the general 

Whereas many biologists today regard life as an emergent property 
of sufficiently complicated aggregations of matter, closely connected with the 
codes and self-replicating properties of DNA, Peirce would maintain that 
living feeling is a First The mere possibility that specific chemical reactions 
become general as life processes is in itself a sort of life, so it would be 
misleading to use the word emergence in connection with life in this general 
sense, unless one regards the whole universe as a living entity emerging at 
The Big Bang. 

The actualization of specific possibilities, such as the spontaneous 
formation of amino acids in a prebiotic soup, is then a transition from 
firstness to secondness and can hardly be called an emergence either, 
because there is no generality to it. The generalization of biochemical 
processes, the transition from secondness to thirdness, is a genuine 
emergence, connected with the occurrence of catalysts or enzymes that code 
for general processes, and these are then precursors for the formation of self- 
replicating molecules, like DNA. The spontaneous formation of order in 
physical systems is illustrated with a model of feedback and the mean field 
theory of second order phase transitions. 

Peirce's definition of a sign also involves feedback or self reference. 
His three phenomenological categories enter the triadic sign relation as 1. 
Repre-sentamen, or sign-vehicle. 2. Object of reference, and 3. Interpretant, 
or meaning of the sign. The meaning of the sign is the activation of a habit, 
and as such not presupposing human consciousness. 

The entropy concept in physics and information theory is a measure 
of potential specific information, so it refers to Firstness and Secondness, 
but not to Thirdness, and it is, therefore, unsuitable as a foundation for a 
theory of meaning. 



1 . The concept of emergence and the Peircean categories 

When we try to trace the evolution of the universe forwards from the 
beginning we seem to encounter an indefinite number of emergent steps. 
Skipping over the formation of various elementary particles and the lightest 
atomic nuclei we reach a state where there is still no structure on the 
macroscopic scale. The whole universe is in a plasma-state of internal 
equilibrium between matter and radiation, but it is expanding, and its 
temperature is dropping. About 700.000 years after the Big Bang the plasma 
has become cooled to a point just below the ionization energy of hydrogen. 
The stable hydrogen atoms that are subsequently formed are electrically 
neutral and do not, therefore, interact nearly as strongly with the elec- 
tromagnetic radiation as their constituent charged particles (electron and 
proton). The ability of the radiation to keep particles of matter dispersed cin 
the plasma vanishes, and the particles begin to clump together under the 
influence of their own attractive force of gravitation. In the uniform plasma 
state gravitation pulls equally in all direction, but if a larger concentration of 
matter occurs by chance in a certain region there will be a net gravitation 
force attracting nearby particles towards the center of the collection, and the 
lump grows and becomes even more attractive. The universe has reached the 
point of emergence of galaxies, a very crucial point in prebiotic evolution, as 
also mentioned by Jesper Hoffmeyer. 

This transition also would have been felt by particles as the emergen- 
ce of gravitation, because before the occurrence of lumps of matter all gravity 
canceled out to zero, but suddenly there was an actual force pulling the 
particles towards the center of a nearby lump. However, gravitation was there 
all along, because otherwise no lumps could be formed. It had just been 
slumbering before in a state of potentiality, and now it became actualized. As 
the seeds of matter aggregation grew and stabilized themselves as galactic 
collections of dust and stars, gravitation became generalized to act as the 



dominant force of the large scale universe. The process of generalization can 
also be described as habit formation: The accidental initial occurrence of a 
growing seed of matter concentration tends to redistribute all matter of the 
universe so that similar ocurrencies become less accidental and more 
predictable in the future. 

Instead of using the word emergence as a magic spell, suggesting that 
suddenly there is something which did not have the slightest existence 
before, we have here a description of the formation of galaxies as a continuous 
process of growth and self-organization. The dualistic notion of existence 
versus non-existence is thus replaced with a notion of three modes of being, 
the three phenomenological categories of C. S. Peirce: * 

1 . Firstness = the potential. 

2. Secondness = the actual. 

3. Thirdness = the general. 

In Peirce's philosophy these categories are very broad concepts with applica- 
tions in metaphysics, cosmology, psychology, and general semiotic. By 
applying them in connection with a basic concept of continuity (synechism) 
we have a discrete, qualitative skeleton of "diferences that make a difference" 
structuring the idea of continuous growth and making it compatible with the 
emergence of qualitative new features in evolution. 

The formula for emergence climbing up through the Peircean 
categories may be stated as follows: 

In the beginning there is a chaotic state of Firstness, where virtual 
seeds of order may arise for a moment and dissolve immediately. However, 
a process of continuous change of boundary conditions may lead to a state, 
where an accidentally formed seed may be stable. This actualized seed marks 
the transition to Secondness, where the real existence of structure still has no 
generality and no significance. If the seed has the ability to catalyze its own 
growth under the changed conditions, it wil initiate a habitual forming of 
similar ordering in its surroundings, and thus the specific type of ordering 
acquires significance and a state of Thirdness has been obtained. 



The formula above is an almost literal rendering of the famous Peirce 
quotation from "The Architecture of Theories" (1891): 2 

"- in the beginning - infinitely remote - there was a chaos of unperso- 
nalized feeling, which being without connection and regularity would 
properly be without existence. This feeling, sporting here and there in 
pure arbitrariness, would have started the germ of a generalizing 
tendency. Its other sportings would be evanescent, but this would 
have a growing virtue. Thus the tendency to habit would be started; 
and from this, with the other principles of evolution, all the regulariti- 
es of the universe would be evolved." 



The various disciplines of Physics emphasize the Peircean categories 
in different ways. In Classical Mechanics only Secondness occurs: There is no 
spontaneity (Firstness) and no irreversible tendencies to seek equilibrium in 
various types of attractors (Thirdness), only specific states leading to specific 
trajectories through the state space. In Thermodynamics both other 
categories enter the scene: Thirdness by the irreversible tendency of the 
systems to end in an equilibrium state, determined by the boundary 
conditions, where all features of the initial state have been wiped out by 
internal friction. Firstness is reflected in thermodynamics by the spontaneous 
random fluctuations around the mean behavior, conditioned by the 
temperature and the frictional forces. The Firstness category is the most 
difficult to grasp, because when we try to exemplify it by specific examples 
and general types we are already introducing Secondness and Thirdness. 
However, Firstness has made a remarkable entry into Quantum Mechanics 
through the concept of the wave function as describing the state of a system. 
The properties of a system that are inherent in its wave function are only 
potential, not actual. An electron has no definite position or momentum: 
these properties only become actualized in the context of specific types of 
apparatus and acts of measurement. 

In the discussion of the evolution of life and its general types and 
functions it may be argued on Peircean grounds, that Life itself is a 
potentiality and thus belongs to the category of Firstness. Like gravitation in 



the example of the nucleation of galaxies it must have been there before its 
specific and general manifestations, like pieces of RNA and the genetic code. 
These manifestations did not suddenly occur but must have been preceded 
by a long process of experimentation and virtual attempts. The emergence of 
the whole multitude of life-forms and behavioral patterns may thus be 
regarded as a long process of awakening from a dreaming sort of life. Life, as 
a Firstness, did not emerge but existed all along with the physical universe 
from the very beginning. Its general features in the present state, like the 
code duality (J. Hoffmeyer) must have emerged from Firstness through 
Secondness to Thirdness. 



2. Mean field theory of sponteneous ordering 

A simple physical model for the emergence of order is found in the 
thermodynamic description of phase transitions. In many cases one of the 
two phases involved possesses af type of order that is absent in the other 
phase. For example, the liquid phase exhibits a surface, the gaseous phase 
has none. The ferromagnet has a spontaneous magnetization below the Curie- 
temperature, but above this temperature it is paramagnetic with no 
magnetization in the absence of an external magnetic field. The superconduc- 
tor has a condensate consisting of paired electrons which are not found in 
the normal metal. The ordered phase of (3-brass (50% Cu and 50% Zn) has 
a long range order, the Cu-atoms tend to occupy the positions on one of two 
interpenetrating crystal lattices and the Zn-atoms tend to occupy the other 
lattice, and this long range order vanishes in the disordered phase (but still, 
a short range order prevails). In all these cases it is possible to describe the 
type of ordering by introducing an order parameter, and the transition from 
the disordered to the ordered phase in the absence of an external ordering 
field is then a so called second order phase transition, where the order 
parameter spontaneously forms as a seed at a certain critical temperature 



and grows in a continuous way below this temperature. The spontaneous 
formation of order is associated with a breaking of the symmetry of the 
disordered phase, e.g. the magnetization of a ferromagnetic has a specific 
direction in space whereas the paramagnetic phase is isotropic and has no 
preferred direction. The choice of a specific direction is totally random: there 
is no way it can be predicted from the properties of the disordered phase. 

In cases where the order is induced by the presence of an external 
ordering field the transition to the ordered phase is discontinuous and not 
spontaneous. In this case we have & first order phase transition. The ordering 
field may be as simple as an external pressure (in the gas-liquid transition) 
or a magnetic field (in the paramagnet-ferromagnet transition), but in other 
cases, like superconductors and (3-brass the ordering field is of a more subtle 
nature and may be difficult to provide from external sources in the labora- 
tory. 

In the so called mean field theory of phase transitions we imagine that 
the ordering effect of an external field is assisted by an internal field which 
is created by the induced or spontaneously formed order parameter. The 
internal field must be locally determined by the locally existing order, and it 
can therefore be expected to fluctuate wildly from place to place in the 
disordered phase, but the mean field theory disregards all these fluctuations 
and consider only the action of an averaged internal field. In this way we get 
a simple and general theory of all sorts of disorder-order transitions. The 
mean field approximation works very well in the case of superconductivity 
and gravitational nucleation (galaxy formation), but in other cases, such as 
ferromagnets, it gives only a qualitative understanding. However, a qualitative 
description is all we need in this context, so we shall specialize to the case of 
the paramagnet- ferromagnet transition. 

In the disordered phase (paramagnet) we can use a linear response 
model for the ordering effect of the fields. A magnetic field H induces a 
magnetization M, given by 



M = x-H 



(1) 



where % is the paramagnetic susceptibility. According to statistical mechanics 
this can be expressed as 



"> rp 



(2) 



where C is the Curie-constant and T is the absolute temperature. Considering 
now, that the induced magnetization creates an internal ordering field H, by 
some linear relation 



H, = A-M 



(3) 



and that the effective field in (1) is the sum of the external field H e and the 
internal mean field, H,, we have a model of linear positive feedback: 
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Figure 1 Linear feedback model for the dis- 
ordered (paramagnetic) phase. 



The feedback equation 



M = x- i H e + H. ) = -T • ( H * A-M ) 



(4) 



can now be solved for M, and we obtain: 



M = _±_ • H e , where T r = C-A (5) 



c 



It is seen that the linear feedback model can only be valid for temperatures 
above the critical temperature (the Curie temperature) T c . At T c we may have 
a finite order parameter M for a vanishing external ordering field. The critical 
temperature, therefore, marks the onset of instability of the disordered phase. 

What happens below the critical temperature the linear feedback 
model can say nothing about. The actual value of the spontaneously formed 
and stabilized order parameter is determined by non-linear characteristics 
of the system. The situation is well known, e.g in an auditorium where a 
microphone and an amplifier transmits the speaker's words to a loudspeaker. 
When the amplification is too high (a large value of %) or the loudspeaker is 
too close to the microphone (a large value of A) a screaming noise emerges 
whose loudness and main frequencies are determined by the non-linearities 
of the amplifier. 

The linear behavior of the system in the disordered phase can be 
described with a thermodynamic potential that is quadratic in the order 
parameter: 

G ( M ; T , H e ) = a ( T ) • M 2 - H e • M for T > T c (6) 

and the equilibrium value of the order parameter is then the unique value 
that minimizes the potential, i.e. 

M=5 (7) 

2a 

Comparing this with eq. (5) we find that a is given by: 

T - T. 



a = 



(8) 



2C 



Following the russian physicist L. D. Landau (1950) 3 we now 
introduce the non-linearity in the simplest possible way by adding a fourth 



8 



order term to the thermodynamic potential (6): 

T - T 

G[M : T , H) = i ■ M 2 + 6 • M 4 - H • M (9) 

e 2C 



This expression is to be regarded as a series expansion to the lowest 
significant order in M in the neighborhood of the critical temperature. The 
reason why the fourth order becomes significant near T c is that the second 
order term vanishes at T c due to the feedback mechanism. The coefficient (3 
does not vanish and can therefore be regarded as a constant in the critical 
region. 

Dependent on the two control parameters T and H e the expression (9) 
will have either one or two minima as a function of the order parameter M. 
The region with two minima in the control parameter plane is bounded by the 
curve 

T<T - 3C B 1/3 H 2/3 (10) 

c • e 

This curve, which exhibits a cusp at T = T c and H e = is the catastrophe set, 
and the Landau mean field theory is thus an example of the cusp catastrophe 
of Rene Thorn 4 . In figure 2 the catastrophe set is seen together with three 
examples of the function G(M), two for points A. and A, on the catastrophe set 
and one for the point Aq where the external ordering field is absent and the 
function has two symmetric minima: 




H. 



Figure 2 Catastrophe set for the Landau mean field theory of the 
ferromagnetic phase transition. 

When there is no external ordering field and the temperature is slowly 
decreased from above to below the critical temperature we get a second order 
phase transition at the cusp point associated with a spontaneous break of 
symmetry, a forced choice between the two symmetric minima. The 
emergence of a new type of order in the universe must happen in a similar 
way, because the ordering field must be slumbering in a state of Firstness 
before the order parameter has suggested itself and has grown from its first 
random seed. 



3. The sign relation and the law of mind 



The feedback model in figure 1 describes the emergence of order as 
due to a sort of self reference. The order parameter, whose seed arose by pure 
chance, refers back to and thereby enhances itself through the action of the 
internal ordering field. In a similar way a chemical chain of reactions may 
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become significant by autocatalysis when one of the initial reactants occurs 
as a reaction product later in the chain: 

A + B -> C + D -> ".-» X + A 

... T i 



This sort of self reference on a pre-biological stage of the evolution 
seems to be a necessary condition for the emergence and spreading of 
symbolic signs, i.e. signs existing on the level of Peircean Thirdness. The 
internal self reference (autocatalysis) establishes a habit which is the 
meaning and inter-pretant of the sign. The habit tends to spread out to the 
surroundings by cross-catalysis and thus new symbolic signs become 
associated with the first. The sign is not dependent on a pre-existing 
consciousness in order to acquire meaning, but meaning is created by the 
internal awareness of self and others that grows from self reference and 
associative power (auto- and cross-catalysis). This mechanism of emergence 
is what Peirce calls The Law of Mind. 

The definition of a sign, according to Peirce, ought to be free from 
reference to human consciousness, or language, although this may seem 
awkward. (In many cases he includes a human interprter in the sign 
definition, but admits that this is a "sop to Cerberus"). The "purest" 
formulation in this sense * makes it clear, that self-reference must be 
inherent in the definition of the sign. Below, we analyze this definition, which 
for the sake of clarity is here divided into smaller sections: 

1 . A Sign, or Representamen, is a First 

2. which stands in such a genuine triadic relation to a Second, called its 
Object, 
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3. as to be capable of determinig a Third, called its Interpretant, to 

assume the same triadic relation to its Object in which it stands itself 
to the same object. 



The three sections of the definition are seen to reflect the three 
phenomenological catagories. The first section is self-contained: the sign as 
a First refers to nothing else: it is an icon of itself. Reference to an object is 
introduced as a dyadic relation in the second section, for although the text 
speaks about a genuine (i.e. irreducible) triadic relation, the third factor has 
not been introduced yet. The Secondness of the sign is an index of the object. 
In the third section two other dyadic relations entering the triad are 
mentioned: the first of these points from the object to the interpretant 
(mediated by the representamen), and the second points back from the 
interpretant to the representamen. In this part Thirdness enters as self- 
reference in the words "same" and "itself. The interpretant endows the sign 
relation with an awareness that the interpretant and the representamen are 
both symbolic signs for the same object, and this awareness does not come 
from any external factors, but from the internal feedback or reflexivity 
described in the definition. The definition is summarized diagrammatically 
below: 



1:R 



3: I < 2: 

(I-R-O) 

Figure 3 The sign as a triadic relation. R 
Representamen, O = Object, I = Interpretant. 
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At the bottom of the figure is shown a linear representation of the sign 
relation, I-R-O with two sign links (-) connecting the three factors, R, O, and 
I. The sign links represent physical processes and are interaction bonds, i.e. 
each link contain two oppositely directed causal relations, as can be seen by 
comparison with the triangular causal diagram above. The linear diagram 
has the advantage of showing that the causal relation between O and I can 
only exist as mediated by R. Also, it makes it easier to depict a chain of signs, 
where the interpretant of the first relation becomes the representamen of the 
second relation, and the representamen of the first relation becomes the 
object of the second relation 

The reflexivity of the sign relation is the feature that makes this 
particular way of chaining signs possible, in a way similar to the way 
autocatalysis is generalized to cross-catalysis. This is the idea of unlimited 
semiosis, the potential of creating new meaning that is inherent in Peirce's 
conception of meaning and in the Law of Mind. In continuation of the sign 
definition quoted above he says: 

"The Third must indeed stand in such a relation, and thus must be 
capable of determining a Third of its own; but besides that, it must 
have a second triadic relation in which the Representamen, or rather 
the relation thereof to its Object, shall be its own (the Third's) Object, 
and must be capable of determining a Third to this relation. And this 
must equally be true of the Third's Thirds and so on endlessly; - - " 

The diagram below shows how the new interpretant (J, the "Third's 
Third") can be chained to the first relation I-R-O, so we get J-I-R-O where the 
second relation J-I-R has I as the representamen and R as the object. 
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3: I 



1:R 





2:0 



(-I-R-0) 
(h<g<f) 

Figure 4 A more detailed diagram of the sign relation 
showing its potential for creating a new sign with I as the 
representamen and R as the object. 



The causal relations in figure 4 are labelled with letters, f, g, and h which 
have the additional meaning of category numbers assessing the relations as 
either 1: potential, 2: actual, or 3: general. The following selection rule must 
be valid in order to ensure that the chain is unbroken: 



h<9<f 



(11) 



The links can then be similarly categorized: the R-0 link by f, the I-O link by 
g, because the connection between I and O is established by the I-R link. The 
g-relations (1-0 and I-R) represent the ground of the sign relation (this is not 
very clearly stated in Peirce's verbal formulations, and there is no general 
consensus about how "the ground" ought to be defined). The ground (as 
defined here) and its category number g gives rise to the basic sign classifica- 
tion: 1: icon, 2: index, and 3: symbol. The h-relations and the J-I link is the 
ground of the second sign relation and categorizes the first relation as 1 : 
rheme, 2: proposition (dicisign), or 3: argument, whereas the category f of the 
R-O link classifies the representamen as 1: tone (qualisign), 2: token 
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(sinsign), or 3: type (legisign). As the category numbers have to obey the 
selection rule (11) the more detailed classification based on the triplets (hgf) 
leads to ten classes of signs that can be arranged in a Pythagorean tetraktys* 



333 



133 233 

113 123 223 

111 112 122 222 

Figure 5 The ten classes of sign-triplets (hgf). 

A sign classification scheme like the above represents a sort of 
evolutionary history of the sign, because a higher category number of a 
certain link must be built upon the lower categories. Thus the fully developed 
argument (333) must include all the nine lower classes of the tetraktys and 
therefore represent a history starting with the qualisign (111) and proceeding 
by gradually increasing the categories by successive actualizations (1 to 2) 
and generalizations (2 to 3). Generally, a chain with n links where the 
category numbers of the links obey the selection rule (5) (i.e. never increasing 
when going from the object O down the chain to the left) will correspond to 
the following number of classes: 

C(n) = ±-(n+ 1 ) • ( n + 2 ) (12) 

So, the classification of the ground (n=l) gives C(l)=3 classes (icon, index, 
symbol), the three link description gives C(3)=10 classes. It is then tempting 
to regard the sign as a ten-link history and go further in the classification to 
C(10)=66 classes, and this is in fact the number given by Peirce for the next 
level of classification. 7 
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Returning for a moment to the initial example of matter and 
gravitation: We can regard a force of gravity as a sign (R) pointing to an object 
(O) that is a collection of mass. The interpretant (I) is then the general 
understanding, the recognition of a habit, that is expressed in the law of 
mass attraction by gravitation. However, this triadic sign relation also 
contains a history of evolution in three stages: First, the mass was dispersed 
and its gravitation only potential, but a random collection took place. Second, 
the lump of matter persisted long enough to be a distinct entity. Third, the 
gravitational force attracted matter from the surroundings until a habitual 
balance was obtained. These two descriptions are a synchronic and a 
diachronic elaboration in three links of the one link ground, gravitation as a 
sign. A further elaboration will lead to a synchronic classification with ten 
classes (the tetraktys) and a diachronic history of evolution through ten 
stages. If a sign is not fully developed to thirdness in all its links, its history 
will be accordingly truncated, i.e. from some stage its links are not under- 
standable (habitual, general), but only (accidentally) actual or potential. 



4. Entropy, information, and meaning 

It has been argued in this paper that we may speak of meaningful 
structures as something that has to do with the formation of habits in the 
physical universe, i.e. Peicean Thirdness, and that this "Law of Mind" does 
not presuppose human consciousness. This way of speaking should not be 
construed as a sort of physical reductionism, but rather as an attempt to 
show, that even the physical description presupposes some "anthropomorp- 
hic" concepts, like "habit" and "choice" that are not derivable from physical 
first principles. Life, considered as a Peircean Firstness, has been there all 
the time, but we must try to understand how the present life-forms have 
emerged in a continuous way from its pre-biotic beginnings. 
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An alternative approach to the discussion of meaningful structures on 
a physical basis is the attempt to discuss "information" as something related 
to physical entropy, as presented by Tom Stonier at this conference. A few 
critical remarks to this approach may be relevant here. 

"Information" may be without any meaning and still exist. "Meaning" 
is something general, a Thirdness, but a specific string of letters, like 
"sjxipesdqo" that contains information, does not necessarily contain meaning. 
From the viewpoint of the telecommunication engineer it is essential that the 
information transmitted through a telephone line is actual, but meaningless, 
i.e. it exists on a level of Peircean Secondness. Entropy in a physical system 
is not "lack of information" i.e. non-existing information, but potential 
information about the exact microscopic state of the system. In principle this 
information could be obtained or actualized whereby the microstate would be 
known and the entropy reduced to zero. In this case the existing information 
would change its mode of being from firstness to secondness, but thirdness 
is out of the question, because it is a specific information that cannot be 
generalized. So, entropy is a potential, meaningless information. If we try to 
build a theory of meaning by saying that "entropy is lack of information, so 
information must be negative entropy, and information has meaning", then 
we are in fact saying that meaning can be understood as "lack of mea- 
ninglessness". 

There is nothing wrong with Shannon's "Theory of Information" when 
we remember that the potential meaning of the Shannon-information is 
outside the scope of the theory and is left to the human listener on the 
telephone. Also, there is nothing wrong with the information theoretical 
description of physical entropy as potential information about the microstate 
of a physical system, so it is not just a funny coincidence that Shannon's 
information and Gibbs' entropy are given by the same probabilistic formula. 
The physical information theory, as worked out by Szilard and Brillouin 8 in 
the discussion of Maxwell's demon has something important to say on the 
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physical limits of how much structure a system can exhibit, but it can say 
nothing about whether these structures are meaningful or not. 

A theory of meaning must take departure in the concept of a sign, and 
here Peirce's semiotic philosophy, physical theories of spontaneous order 
formation, and Rene Thorn's catastrophe theory are applicable, because they 
build on the notion of an underlying continuum from which discrete 
categories may emerge by continuous growth and habit formation. In this 
way we may be able to bridge the gap between naturalistic and humanistic 
studies. 
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Abstract 
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Emergence 

Mark H. Bickhard with Donald T. Campbell 

Abstract 

Accounting for emergence has proved to be extraordinarily difficult, so much so 
that whether or not genuine emergence exists seems still in doubt. I argue that 
this difficulty is primarily due to an assumption of a false and inappropriate 
metaphysics in analyses of emergence. In particular, common assumptions of 
various kinds of substance metaphysics make the notion of causally efficacious 
emergence seriously problematic, if not impossible. There are, however, many 
problems with substance metaphysics — arguably fatal problems — and an 
alternative process metaphysics makes causally efficacious emergence much more 
natural. 



l.reality or epiphenomenon 

Consider a kitchen table. A table appears to be an entity in its own right — 
large, with a particular shape, solid, capable of supporting smaller objects, and 
so on. — But we also assume that it is made of molecules, and, in turn, atoms, 
and, in further turn, various subatomic particles. Perhaps the only physical 
reality is the swarm of quarks, gluons, and electrons that make up the table, and 
all of the other properties, of solidity, shape, and so on, are ho more than 
manifestations of the interactions among those particles. Perhaps the properties 
of the table, and even the existence of a distinct object that we call a table, are 
all just epiphenomenal to the fundamental particle interactions.This is epipheno- 
menality in the sense of an appearance being false about underlying reality, such 
as the apparent motion of objects when watching a movie, when all that is really 
happening is a rapid succession of still pictures that happen to be sufficiently 
similar to each other to give an impression, a strictly false impression, of objects 
and people and caused motion. Perhaps being solid, for example, is mere 
appearance, merely epiphenomenal, from the level of the fundamental particles.- 
Most of us would prefer that our experiences of tables not be false, not be 
merely epiphenomenal. It would be a strange world in which virtually all of our 
experiences were in fact false to reality. The issues become even more focused 
and interesting, however, when we consider not just tables, but living things, and 
things with minds — animals and other people — and, most especially, our own 
mind. The supposed lessons from science are just as strong about plants, 
animals, and minds, as about tables. It would be a strange person indeed who 
would feel satisfaction in the conviction that his or her own mind did not really 
exist, but was merely an epiphenomenal manifestation of fundamental particle 
interactions. We would like for tables and their properties to be real, as well as 
life and mind. But our best science suggests strongly that the world is 
integrated, that there are not different sorts of substances or fluids for every new 
kind of phenomena. We have learned that fire is not a substance phlogiston, 
heat is not a substance caloric, life is not due to vital fluid, and very few 
philosophers or scientists today are substance dualists about mind compared to 
matter. Instead, these phenomena are understood as the result — the natural 
result — of processes involving atoms and molecules that are familiar from other 
kinds of phenomena. Fire, heat, life, and so on, and, presumably, mind, are 
integrated with the rest of the natural world. Naturalism about the world is 
clearly the best bet. But, so long as naturalism seems to suggest that the only 
real reality is basic particles, the apparent dilemma remains.Perhaps phenomena 
such as life and mind are somehow emergent out of lower level particles and 
processes. Perhaps they only exist insofar as those lower level particles and 
processes exist and occur, but they nevertheless have a reality of their own that 



comes into being, that emerges, when certain patterns or quantities or some other 
threshold criterion is satisfied. And, furthermore, perhaps, the reality they have 
makes a difference.lt is of little satisfaction if mind proves to be real in the sense 
of involving properties that genuinely exist, if those mental properties neverthe- 
less have no causal power in the world, if they merely float along the basic 
particle interactions for the ride, but make no difference themselves. We all 
know in our own experience that mind, whatever it is, exists, but it would also 
be nice if our impressions of being able to make decisions and do things in the 
world are not themselves just epiphenomenal (Heil & Mele, 1993). 



2. Downward causation 

So, for emergence to do what we would want it to do, we need not only 
emergent instances of properties, but the emergence of properties or entities or 
processes that have genuine causal powers.lt has proven remarkably difficult to 
make good on these intuitions of emergence. The inexorable reality of quantum 
particles keeps grabbing all of the causal powers, leaving nothing for purported 
emergents. Perhaps we must simply accept this apparent lesson of contemporary 
science — that we ourselves are mere epiphenomena.1 will be arguing that 
genuine emergence does exist, and that the difficulties encountered in trying to 
make sense of it have been exacerbated by the presupposition of a false 
metaphysics — a metaphysics of substances (particles) and properties. There are 
good reasons to abandon such a metaphysical framework, and to substitute a 
process metaphysics. In this alternative process metaphysical framework, the 
possibility of emergence, including genuine causally efficacious emergence, is 
found to be trivial — the in-principle mystery of emergence is dissolved. 
Accounting for any particular emergence, however, such as that of mind, remains 
a deep, complex, and difficult problem.The intuition of emergence is that of 
novel causal powers coming into being at specific levels of ontology (Becker- 
mann, Flohr, & Kim, 1992; Beckermann, 1992b; Hooker, 1979, 1981a, 1981b, 
1981c). The causal powers of purported emergents are the focus of much 
concern (Campbell, D. T., 1974b, 1990; Kim, 1992a, 1993b), but the criteria of 
novelty and the notion of levels are also of importance and interest (Wimsatt, 
1976a, 1976b). I will have a few things to say about each of them, and begin 
with novelty .Novelty The novelty of emergents, or potential emergents, can be 
construed with respect to time or with respect to ontology (Stephan, 1992). 
Emergents in time — in history or evolution or cosmology, for example — are 
simply the first occurrences of whatever the emergent is claimed to be. 
Emergence in ontology is the stronger concept, and refers to something new 
coming into being with each instance of some level or pattern of lower level 
constituents. The two construals are closely related in that, on naturalistic 
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accounts, temporal emergents would be the first instances of particular 
ontological emergents; conversely, an ontological emergent would be a temporal 
emergent the first time an instance appeared.The emergence of novelty per se, 
at least in the sense of novel properties, seems uninterestingly trivial. There was 
presumably a first time for the cosmological emergence of an instance of the 
shape rectangle or the configuration of one thing being above something else. 
Among other requirements, these had to await the emergence of entities out of 
the original superhot fields of the "Big Bang, and, for the relationship of above 
presumably the aggregation of a mass with a significant gravitational field so 
that the directions of up and down would be determined. But the simplicity with 
which such a criterion of novel property emergence can be met seems to render 
it almost nugatory, and, correspondingly, novelty is generally considered to be 
a weak necessary criterion with little intrinsic interest.If we turn the novelty 
criterion around, however, and consider it not just a requirement to be able to 
account for something new — anything — coming into being, but, rather, consider 
that most everything we are scientifically interested in did not exist at the 
moment of the Big Bang, and, therefore, that most everything we are scientifical- 
ly interested in had to emerge since that time, novel emergence can become a 
very powerful negative criterion. In particular, any purported model of X — for 
any phenomena X — that cannot account for the historical and ontological 
emergence of X since the Big Bang is thereby at best incomplete. More 
importantly, any model of X that makes the emergence of X impossible is 
thereby refuted. This holds even if we ignore any issues regarding the causal 
status of X, though, of course, in most cases of scientific interest, X presumably 
will have some causal status.Contemporary models of cognitive representation, 
for example, generally begin with some set of representational atoms, each with 
its own representational content, and attempt to account for all representation as 
various combinations of these atoms. But such models cannot, in principle, 
account for the emergence of the representational atoms themselves. The 
attempts to account for representation (combinations) already presupposes 
representations (atoms). There are rejoinders to such a claim, of course, and the 
issues are not trivial, but this characterization of the current scene is at least 
prima facie correct, and I argue that it is in fact deeply correct of symbol 
models, causal models, information models, current functional models, and 
connectionist models alike (Bickhard, 1993; Bickhard & Terveen, 1995). If so, 
this inability in-principle to account for the emergence of representation refutes 
these models of representation.In any case, this characterization of current 
models of representation well could be correct, and that is all that I need at this 
moment to illustrate the potential power of emergence, even of just novelty, as 
a principle by which theories and models can be evaluated. Any theory of X 
must be at least consistent with the emergence of X or else it commits a 



non-naturalism of cosmology. If X cannot have historically emerged, then either 
it existed from the beginning or it was non-naturally introduced. Our best 
current science tells us that nothing familiar existed from the beginning, and that 
nothing was non-naturalistically introduced. Consistency with the possibility of 
emergence, then, is a scientifically necessary requirement — given contemporary 
science — as well as a powerful metaphysical requirement, for any model of any 
phenomena. Causality 

But this is just a requirement to able to account for the novel emergence of X, 
because there was a time at which X did not exist. If X supposedly has any 
causal powers of its own, then accounting for X must account not only for its 
cosmological and ontological novelty, but also for those emergent causal powers. 
This has been the focus of most of the concern about what emergence is and 
whether it exists or not — can genuine, and genuinely novel, causal powers 
emerge ?Emergence presupposes a notion of levels. The universe at its origin 
was a superhot flux of quantum fields; everything since then is the result of 
condensation, symmetry breaking, and organization out of that original flux, 
sometimes with clear hierarchical levels of organization. Quark excitations 
stabilize in combination with other such excitations into nucleons, which 
combine with electrons to form atoms, which combine chemically to form 
molecules, which combine gravitationally to form planets or in derivative 
chemical ways to form rocks, water, cats, humans, and, presumably, minds. This 
hierarchy of levels is one of the inspirations for the intuition of emergence: 
maybe everything has arisen in at least a generally similar way. Note that 
successively higher levels often require successively lower temperatures to 
emerge.Downward Causation. If causal powers do emerge, then, within the 
framework of any reasonable naturalism, any causal consequences of those 
higher level emergent powers will themselves involve constituent levels of 
matter, or at least constituent levels of organizations of quantum processes. That 
is, any consequences of emergent causality will affect lower levels, constituent 
levels, of pattern and organization as well as the level at which the emergence 
occurs. More concisely, causal emergence implies downward causation 
(Campbell, D. T„ 1974b, 1990; Hooker, 1979, 1981a, 1981b, 1981c; Kim, 
1992a). 



3. Hierarchy of levels 

Since interesting emergence involves causal emergence, and causal emergence 
implies downward causation, downward causation becomes a strong criterion for 
genuine causal emergence and for interesting emergence more generally.Levels? 
Emergence involves higher levels, but what constitutes the difference between 
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higher and lower? What counts as a level? These questions lead in several 
directions, one of which I will focus on in particular.Note first, however, that the 
paradigmatic hierarchy of ever higher levels traces progressively lower 
temperatures of emergence and stability. Each level condenses out of lower 
levels with weaker forces, and, therefore, are stable and persistent in time only 
at lower temperatures. For at least some levels, such a differentiation of energy 
regimes in which stability is possible might seem to be definitive of the levels, 
though not necessarily of the particular kinds of emergent! at those levels.THis 
temperature differentiation of emergence levels, however, ultimately proves 
unsatisfactory. Higher levels might exhibit stability in the same temperature 
regime as constituent levels, such as for strictly mechanical machinery, or even 
manifest stability at higher energy levels. If, for example, an organism can 
protect itself against high temperatures, perhaps with perspiration and the 
production of heat shock molecules, the whole organism may remain viable at 
ambient temperatures at which isolated proteins would denature.The strong 
intuition about the nature of levels remains that of ontological inclusiveness: 
higher levels include lower levels as constituents — regardless of the energy 
realms for stability. Later I will argue that even this seemingly most basic sense 
of levels is flawed.A Logical Point. Emergence seems prima facie to be in 
conflict with naturalism. Higher levels of organization or constituency would 
seem to have whatever properties they have solely in virtue of those constituents 
and the relationships among them. If there were anything emergent beyond that, 
it could not be causally efficacious on pain of violating the completeness of the 
account of the physical world at those lower levels. One powerful way of 
putting this is to point out a problem: If the lower level includes everything that 
is physically — causally — relevant, then higher level emergence can be causally 
efficacious only at the cost of violating the causal closure of the physical world 
(Kim 1993a, 1993b). Such a result seems wildly non-naturalistic and something 
to be resisted. But if causal emergence yields such a result, then perhaps causal 
emergence too should be resisted. On the other hand, there are certainly laws of 
regularity of causal efficacy that emerge at higher levels of pattern or organiza- 
tion — e.g., atomic stability and chemical valence (Hooker, 1981c)— that cannot 
be deduced from lower level laws alone. The pattern or organization of the 
constituents, minimally, is also required. One aspect of the issue of what counts 
as higher and what belongs to lower, then, focuses on such patterns and 
organizations. They constitute initial and boundary conditions with respect to 
lower level laws, and they are necessary to be able to account for higher level 
causal properties (Hooker, 1981c; K/ppers, 1992). Should they be included as 
part of the lower level, in which case we again face the consequence that any 
resultant causal properties will be counted as not emergent? Or should they be 
counted as constituting (part of?) the higher level, in which case novel causal 
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properties clearly do emerge (van Gulick, 1992)?In part this is a stipulative 
difference, and our preferential stipulation will depend on how strong or weak 
a notion of emergence we wish to consider (Beckermann, 1992a; Horgan, 1993a; 
Hoyningen-Huene, 1992, 1994; McLaughlin, 1992; OiConner, 1994; Stephan, 
1992; StUckler, 1991). Within the perspective developed to this point, our choice 
of which seemingly arbitrary stipulation to make might depend most reasonably 
on what is at stake. Neither choice violates naturalism; countenancing 
emergence, however — counting pattern as higher — fits our naive intuitions and 
shields the causal efficacy of, for example, emergent mind, which most of us 
would probably appreciate. So, perhaps the best of all possibilities is to accept 
a conception of emergence that accepts causal-property resultants of organization 
as of higher level, and, therefore, emergent: we retain naturalism, emergence, and 
the causal reality of, among other considerations, mind. Ultimate Reality: 
Microcausation?But is the situation that simple? It seems reasonable within its 
own framework, but, even accepting emergence as the result, for example, of 
organizational boundary conditions on the manifestations of lower level laws, 
there nevertheless remains a strong seduction toward the conclusion that all real 
causality occurs only at the ultimate level of physical reality, presumably some 
class of fundamental particles (Kim, 1989, 1990, 1991, 1992b, 1993a, 1993b; 
Klee, 1984). In this view, the merely stipulative distinction between whether to 
count organization as part of higher or lower levels may usefully diagnose issues 
concerning relatively higher and lower levels where all levels under consideration 
are higher with respect to ultimate micro-levels, but it does not even address 
considerations that might privilege that ultimate micro-level itself above all other 
levels.lt may be the case that particular consequences in the world depend on 
initial and boundary configurations, patterns, and organizations of fundamental 
particles, but, it might seem, all genuine causality occurs, and only occurs, at this 
ultimate level of particle mechanics. However much it may be the case that the 
outcome of causality depends on the patterns in which it works its causal 
consequences, nevertheless the only causal powers extant are those of these basic 
particles. So, all other lawful regularities, at whatever level of emergence, are 
really just supervenient on and epiphenomenal with respect to that basic level. 
Of course it is necessary to take into account the space-time configurations 
within which basic particle mechanics plays out its causal dance, but the only 
genuine causality is in the interactions among those particles. Causal consequen- 
ces may depend on higher level patterns, but the only causal powers are those 
of fundamental particles.This is prima facie an extremely attractive picture. Its 
conceptual attractiveness is not diminished at all by the recognition that particular 
kinds of initial or boundary conditions can reliably yield particular kinds of 
regularities of consequences, and that these can look like emergents. All that 
follows from the view of ultimate reality being ultimate microcausation; it is not 
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it is not in contradiction to it. So, no matter the analysis of the distinction 
between relatively higher and lower levels, and no matter the semantic choices 
made about what counts as higher and what as lower, this view remains as a 
continual deflator of pretensions of emergence. What might appear to be 
emergence is really just basic, very micro-, particles interacting with each other. 

4.Fields 
But, such particles are not all there is. There are also fields, and, in particular, 
quantum fields. Quantum field theory yields a very different picture than that 
of micro-particle mechanics. Quantum fields yield non-local interactions, such 
as result in the Pauli exclusion principle. Note in contrast that, in the particle 
picture, all causality is itself atomized to the very local points of particle to 
particle encounters. Quantum field theory yields a continuum of never ending 
activity, of process, even in a vacuum (Aitchison, 1985; Bickhard, in prepara- 
tion-c; Brown & HarrA, 1988; Saunders & Brown, 1991). The background is 
not one of nothing happening except geodesic motion and local particle 
encounters — of an inert stage for particle mechanics — but, rather, a background 
of seething continuous creation and annihilation of quantum excitations of the 
field with various symmetries, therefore conservations, constraining the 
interrelationships within this activity. Ontology is not atomized to particles on 
a space and time stage, and cause is not atomized to points of particle en- 
counters.In fact, there are no particles. Quantum field theory yields the 
conclusion that everything is quantum field processes (Brown & HarrA, 1988; 
Davies, 1984; Weinberg, 1977, 1995, 1996; Saunders & Brown, 1991). What 
appear to be particles are the consequences of the quantization of field excitatory 
activity, which is no more a particle than is the quantization of the number of 
waves in a vibrating guitar string.To illustrate the reality of this continuum of 
non-particle field processes, consider what is known as the Casimir effect. Two 
conducting plates held close together in a vacuum will inhibit the virtual 
excitations between the plates because the waves of those excitations will be 
constrained by the physical distance between the plates. There is no such 
inhibition of the foam of virtual creations outside of that gap. Therefore vacuum 
activity between the plates will be less than outside of the gap, and this results 
in a difference of pressure exerted on those plates. The net effect is a force 
pushing the plates toward each other, which has been experimentally verified 
(Aitchison, 1985; Sciama, 1991; Weinberg, 1995). Note that this force does not 
involve any particles; instead it is the result of that continuum of vacuum activity 
that is so unlike the atomization of substance and cause in the standard 
view.Quantum field theory eliminates the localization and atomization of 
substance into particles, the localization and atomization of cause into particle 
encounters, and the localization and atomization of levels of systems into objects. 
Everything is organizations of quantum processes (van Gulick, 1993); causality 
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is constraints on that quantum field activity, such as those that yield momentum 
or energy conservation (Aitchison & Hey, 1989; Bickhard, in preparation-c; 
Kaku, 1993; Ryder, 1985; Nakahara, 1992; Sudbery, 1986; Weinberg, 1995).In 
this view, everything is organization of process. There is no ultimate level of 
real particles on which everything else is supervenient, and with respect to which 
everything else is epiphenomenal. So that seduction is eliminated. The ultimate 
level of micro-particle micro-causation does not exist.lt might seem that the 
micro-causation argument against emergence could simply be recast with respect 
to quantum fields instead of particles: the only reality is quantum fields, and 
everything else is epiphenomenal to that. The first part of mis point is correct: 
everything is quantum field processes. But the critical point is that quantum 
field processes have no existence independent of configuration of process: 
quantum fields are process and can only exist in various patterns. Those patterns 
will be of many different physical and temporal scales, but they are all equally 
patterns of quantum field process. Therefore, there is no bottoming out level in 
quantum field theory — it is patterns of process all the way down, and all the 
way up. Consequently, there is no rationale for delegitimating larger scale, 
hierarchical, patterns of process — such as will constitute living things, minds, 
and so on. That is, quantum field theory is an antidote to the seduction of 
including all patterns in the supervenience base, and, therefore, not counting 
properties that are dependent on perhaps complex patterns as constituting any 
kind of emergence. The point of quantum field theory in this discussion is to 
eliminate the temptation to devalue pattern so that pattern does not support 
emergence. In quantum field theory, pattern is everything because there is no 
level at which something unique and bottoming out, e.g., particles, can be found. 
It is, therefore, at best incomplete to say that everything is quantum fields: 
everything is organizations of quantum field processes — at many different scales 
and hierarchical complexities. Micro- and macro- alike are such organizations.- 
This resurrects the possibility of choosing to consider manifestations of 
organizational boundary conditions as of higher level, thereby resurrecting a 
naturalized emergence. More correctly, the recognition that everything is 
organization of process —just at differing scales and with differing hierarchical 
organizations — makes the choice to consider pattern and organization as of 
lower level, and thus to render properties of those patterns and organizations as 
epiphenomenal, a choice that renders everything epiphenomenal because there 
is no level at which anything is other than an organization of quantum field 
process, including even the smallest scale quantum fluctuations. The choice 
between countenancing organizational emergence and not countenancing it, then, 
is no longer arbitrary: to reject this form of emergence is to eliminate any level 
of non-epiphenomenality. That would seem to be a reductio ad absurdum of that 
position.In particular, in quantum field theory (or any process metaphysics), 
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there is no basis for excluding pattern from supporting emergence because 
everything is equally pattern, including higher level things such as minds. Minds 
cannot be merely epiphenomenal unless everything is taken to be epiphenomenal 
because there is nothing else that can be privileged in the metaphysics other than 
pattern, and there is no inherent reason to privilege any particular scale of such 
pattern over any other. But the consequences of shifting to a quantum field view 
ramify more densely and more distantly than emergence per se, and at least some 
of those further consequences need to be examined lest we implicitly presuppose 
a micro-atomization ontology even while explicitly rejecting it. 

5. Supervenience 

Notions of supervenience are attempts to distill the intuition that higher level 
properties depend on lower level properties. No change at the higher level 
without a concomitant change at the lower is the motto. There are importantly 
different varieties of attempts at explication of this intuition, but the issues that 
I want to focus on seem to be in common at least to both weak and strong 
supervenience (Kim, 1990).The lower level of a supervenience dependency, the 
supervenience base, must include both lower level constituents and relationships 
between them. Sphere is not supervenient on two hemispheres that are physically 
distant from each other, but would be supervenient on precisely the same 
constituents if they were in the proper physical relationship with each other 
(Baker, 1993). A supervenience base, however, does not include any relations 
external to the unit or system being considered. The property of being the 
longest pencil in the box, for example, is not supervenient on the molecules and 
internal relations that make up that pencil (Teller, 1992). By adding a new 
longer pencil to the box, the original pencil ceases to have that property, yet 
nothing of the supervenience base has changed.The property of being the longest 
pencil in a box is not of great independent interest, but there are other properties 
that are of deep importance that are similarly externally relational. Global 
quantum field constraints, such as the exclusion principle or a conservation 
constraint applying across spatially separated parts of a quantum system, are 
externally relational — they are not local.The property of being in thermody- 
namic equilibrium is relational to the environment, and so, consequently, is the 
property of being a far-from-equilibrium system. Necessarily open systems are 
those that are inherently far-from-equilibrium, and, therefore, require constant or 
at least intermittent interaction with an environment to be able to exist over time 
— otherwise they move to equilibrium and the far-from-equilibrium system 
ceases to exist. This implies mat far-from-equilibrium systems, and all of the 
properties that they have qua far-from-equilibrium systems, are externally 
relational and, therefore, cannot be supervenient in the standard sense. A flame, 
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for example, is not supervenient: its existence is dependent on its environment 
(adequate oxygen, not too low a temperature, and so on) as well as on its own 
Econstituentsper se. Furthermore, its supposed supervenience base is constantly 
changing, and any supposed micro-particle base is similarly in constant flux. 
The only persistence that constitutes the persistence of the flame is a persistence 
of an organization of process, not of the constituents that undergo that process. 
That organization of process, in turn, can be persistent only if appropriate 
transactions with the environment are possible and do in fact continue, such as 
inflows of oxygen and fuel vapor and outflows of combustion products. 
Conversely, if the constituents of a flame at a particular point in time were 
frozen — literally — then the supervenience base would remain the same, but 
there would no longer be a flame. Other even more important examples of 
far-from-equilibrium systems, and, therefore, of the limitations of the superveni- 
ence explications, are living things and minds.The supervenience intuition seems 
strong: higher levels depend on lower levels. But far-from-equilibrium systems 
constitute counterexamples to any presumed general applicability of supervenien- 
ce as currently explicated. What is the source of the problem? Supervenience 
is explicated in terms of entities — particles — and properties (Kim, 1989, 1990, 
1993b). This is basically an Aristotelian metaphysics, and is an inadequate 
metaphysics for relationships and process, most especially open process. Entities 
that are organizations of underlying far-from-equilibrium process are not 
supervenient so long as supervenience discounts external relations, and so long 
as it counts lower level constituents as part of the supervenience base. Flames, 
waves, vortices — none are supervenient on underlying constituents. They are 
more like knots or twists in an underlying flow — nothing remains persistent 
other than the organization of the knot itself. They are topological entities, not 
substantive entities. Living cells may contain structures that are in equilibrium 
stability, at least on relatively short time scales, but remaining alive requires 
continuous maintenance of far-from-equilibrium conditions, and, therefore, 
continuous flow and exchange with the environment. Living, then, is not a 
supervenient property: it is externally relational, and it requires a continuous flow 
of constituents. I argue that normativity, from functional normativity (functional 
- dysfunctional) to representational normativity (true - false) (Bickhard, 1993) 
and on up through rationality (Bickhard, forthcoming) and ethics (Bickhard, in 
preparation-a), is dependent on far-from-equilibrium systems properties. If this 
is so, or even if it is plausible, then the stakes involved in overlooking the 
inability of constituent and property based explications of supervenience to apply 
to far-from-equilibrium systems are quite serious.The sense in which everything 
is organization of quantum process, then, is even deeper than might at first 
appear. A first temptation in understanding organization of process is a 
constancy of constituents — particles — engaged in some motions and interac- 
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tions; perhaps particles running around each other to form an atom. But far 
more important are organizations of process that have no constituents, or 
certainly no unchanging constituents. The organization is everything; the 
constituents either do not exist or are not part of the supervenience base. 
Quantum field theory suggests that there are no constituents in the classical sense 
at any level. There are only certain wave properties that are maintained in the 
flux of quantum vacuum activity, like a soliton wave in water, but for which the 
vacuum takes the place of water. What we normally consider as constituents, as 
particles or entities, are persistences of instances of organizations of underlying 
quantum process: they are topological. If those persistences are due to 
equilibrium stabilities, then we have classical paradigm cases such as atoms for 
which it is easy to overlook that quantum field nature, thus process nature, of 
even the electrons and quarks. If those persistences are far-from-equilibrium 
system persistences, then we must look elsewhere than equilibrium to understand 
such persistence, and the relevance of external relations is directly manifest; the 
basic reality of the organization of process, relatively independent of whatever 
engages in that process, is more likely to be forced on us.The dependence of 
higher on lower, then, remains. But the explication of supervenience as attempts 
to capture that dependence must relinquish the conception of the supervenience 
base as involving particular constituents and their internal relations. The types 
of the instances of lower level process patterns involved may be important — 
e.g., oxygen rather than nitrogen for a flame — but the dependence on the 
identities cannot remain. Furthermore, dependence cannot be simply mereologi- 
cal even with that modification: among other reasons, the necessity of external 
relationships must be accommodated. A vortex in a flow cannot exist if the flow 
itself does not exist.Note that this view not only eliminates the localization and 
atomization of substance (substance disappears) and causality (point-localized 
particle encounters), but also of entities. Waves do not have definite boundaries; 
neither do flames, vortexes, and so on. A thorough and deep de-localization and 
de-atomization is required. We do not have an acceptable and well understood 
metaphysics of this sort.In this view, the possibility of emergence, even causally 
efficacious emergence, is — at least in principle — trivial. There is no mystery, 
no non-naturalism. Everything is process organization, and, therefore, every 
causal property is a property of process organization. Higher levels and lower 
levels alike are levels of the organization of process. There cannot be the 
temptation, therefore, to privilege the constituents at the lower level, or even at 
some ultimate level, because there are no particles, and even lower level 
instances of process organizations may be in constant flux. It's pattern and 
organization all the way down. So a higher level causal emergent is just as 
legitimate as a lower level causal emergent.Accounting for the emergence and 
causal efficacy of any particular kind of phenomena, of course, can still be of 
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causal efficacy of any particular kind of phenomena, of course, can still be of 
enormous difficulty and complexity, but the impossibility in principle of any 
such emergence that a substance metaphysics yields (no new substances can 
emerge within a substance metaphysics, only combinations or blends of the basic 
substances can occur) is eliminated. At least in principle, in this view, the 
possibility of causally efficacious emergence is trivial, though the specifics of 
any particular emergence may well not be.Reduction and Anti-reduction.A 
particle and property metaphysics tempts us to think that the only real causality 
is found at the micro-particle level. If so, then anything that is a resultant of 
those particle interactions working their way within some initial or boundary 
condition constraints is most fundamentally due to those particle causal powers 
and particle interactions. Everything else is epiphenomenal to that, and can be 
eliminatively reduced to it — perhaps with the caveat of the cognitive limitations 
of human beings to handle the complexities required. In this view, higher levels 
are necessary considerations only because of their relative cognitive simplicity 
for humans, not for any metaphysical or even physical reasons.Common sorts of 
rejections of such eliminative reductionist conclusions include the claim of 
multiple realizability of the higher level in the lower level and of cross-cutting 
kinds from higher to lower. The central point in such objections to eliminative 
reduction is that higher properties (or kinds) cannot always be eliminated in 
favor of lower properties (or kinds) because there can be multiple ways — 
perhaps unbounded or infinite numbers of ways — in which the higher level can 
be realized in the lower. The necessary correspondences between higher 
properties (kinds) and lower, then, do not hold. There are an unbounded number 
of ways to physically construct a computer, and therefore being a computer 
cannot be defined in terms of any of them.The disputes in this area turn on what 
counts as a property or kind, in particular whether or not disjunctions of 
properties or kinds are themselves legitimate properties or kinds, on the nature 
of laws, and the relationship among laws, properties, and kinds, and so on 
(Burge, 1989, 1993; Fodor, 1981; Kim, 1989, 1990, 1992b, 1993b; van Gulick, 
1989). If, for example, potentially unbounded disjunctions of kinds are 
legitimate kinds, then what it is to be a computer can be defined in terms of the 
disjunction of all of the physically possible ways that one could be realized.So 
long, however, as the temptation remains to grant ultimate reality only to an 
ultimate micro-particle level of reality, it seems that the issue regarding reduction 
is foregone. Metaphysically everything is either at the micro-particle level, or 
else it is epiphenomenal and reducible to that level. Human cognitive limitations 
may require consideration of higher level epiphenomena because they are 
simpler, but they have no more metaphysical reality than that.In the quantum 
process view, however, issues of multiple realizability and cross-cutting kinds 
still exist, but they exist as issues of what sorts of organizations of what sorts of 
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process organization instances will yield particular emergent properties. 
Computers can be silicon, vacuum tubes, fluidic, even mechanical (though they 
tend to be rather slow), so long as certain organizational relationships are 
realized. This is the same point as is made within a particle view, except that 
there is no temptation to eliminate everything above the level of fundamental 
particles — there aren't any. The organizational properties that constitute 
something as a computer are just as legitimate as those that constitute something 
as an atom or cell or brain. The special properties that emerge with each of 
these need to be accounted for — a decidedly non-trivial task — but there is no 
need to fend off possible eliminative reduction to fundamental particles. Even 
within a particle view, the organizational properties cannot be ignored. But in 
a process view, such organizational properties (perhaps richly hierarchical) are 
all that there is. There is no more basic or fundamental reality .The Emergence 
of Properties and EntitiesBecause everything is organization of process, every 
causally efficacious property is a property of organization of process. The 
possibility of causally efficacious properly emergence, therefore, is assured. But 
what about entities? Particles have been eliminated, so entities cannot simply 
be combinations of particles. But how do we get to entities from properties and 
process organizations?Paradigm entities are stable instances of organizations of 
underlying process, such as atoms or animals. There are two kinds of such 
stability: 1) equilibrium or energy well stability, and 2) open process, far— 
from-equilibrium, stability. Energy well stabilities are those process patterns that 
would require energy input to destabilize them. They exist, or would exist, at 
thermodynamic equihbrium. So long as the ambient energy is not sufficient to 
destabilize them, to disrupt their cohesion (Collier, 1988, 1995), they will tend 
to persist. Atoms are a paradigm example.Necessarily open system stability, in 
contrast, cannot exist at equilibrium. Necessarily open systems are inherently 
far from equilibrium and cease to exist if they approach equilibrium. But 
approach equilibrium they inexorably will unless there are continuous exchanges 
with the environment that maintain the critical far-from-equilibrium conditions. 
The stability of far-from-equilibrium systems, then, depends on the stability of 
those conditions in the environment and relations to the environment that 
maintain the necessary far-from-equilibrium conditions. In some cases, all such 
conditions of stability are in the environment per se, and the system stability is 
completely dependent on that environment. A far-from-equilibrium system in 
which chemical solutions continuously flow into a container, for example, can 
exhibit fascinating properties (such as self-organization), but the stability of any 
such system is captured in the reservoirs and pumps for the chemical solutions, 
not the open system per se.A flame, in contrast, contributes to its own stability. 
It generates above-combustion-threshold temperatures, and, in an atmosphere and 
gravitational field, that yields convective inflow of oxygen and outflow of 
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combustion products. The heat also releases fuel vapor from the substrate, such 
as a piece of wood. The flame makes no contribution to the general availability 
of oxygen or fuel (though that might be disputed in the case of a fire storm), but 
it does contribute to the temperature requirement and to the local availability of 
oxygen and fuel and the dispersal of waste. I call such systems self-maintenant 
systems — they contribute to their own maintenance.Consider now a far— 
from-equilibrium system with the following general property: it has more than 
one way of being self-maintenant, and it can shift between or among available 
ways with at least some degree of appropriateness to what environmental 
conditions require. A bacterium, for example, might keep swimming if things 
are getting better, and tumble for a moment if they are not (Campbell, D. T., 
1990). In conditions of getting better, keep swimming; in conditions of getting 
worse, randomize direction. Note that the switching between forms of 
contribution to self-maintenance requires some signal from the environment that 
can be used as an indication of which form is currently appropriate. I call such 
systems recursively self-maintenant — they tend to maintain (with respect to 
variations in the environment) their own condition of being self-maintenant (in 
those environments)! now want to offer some extremely inspissated outlines of 
how this framework might be able to account for some normative emergences.- 
Note that a self-maintenant system either succeeds in maintaining system 
stability or it does not. If it does, the system remains stable in the world, and 
its causal consequences continue. If it does not, then the system ceases to exist, 
and its causal consequences qua that system cease. If the match flame has gone 
out, then the paper will not burn. The flame, then, serves a function (actually 
several) relative to the maintenance of the flame itself. And it makes a causal 
difference, an asymmetric difference, in the world whether or not that function 
is well served or not served. The difference between the flame existing or not 
existing is obvious; the asymmetry derives from the persistence of the relevant 
emergent properties if it continues, and the cessation of those emergent 
properties if it ceases. The asymmetry, then, derives from the asymmetry 
between the existence of open system emergents and the non-existence of those 
emergents — from the basic asymmetry between far-from-equilibrium and 
equilibrium.1 claim that this is the general form in which function, and 
dysfunction, emerge. Function is contribution to self-maintenance, and is 
relative to the far-from-equilibrium system whose maintenance is in focus 
(Bickhard, 1993, in preparation-a).Note also that a recursively self-maintenant 
system could be wrong in its switching from one manner of self-maintenance to 
another. In particular, such a shift of process involves an implicit anticipation 
of subsequent self-maintenant interactions with the environment, but the environ- 
ment may or may not cooperate. If the environment misbehaves, if things are 
actually getting worse for the bacterium in spite of continued swimming that is 
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supposed to make things better, then that implicit anticipation has been falsified. 
Furthermore, the system may be able to detect such a falsification: tumbling may 
be triggered yet again. In a more complicated system, perhaps a higher level 
signal (perhaps generated internally to the bacterium) indicates falsification even 
while the signal to switch from swimming to tumbling remains with the 
swimming. Any such higher level error signal would have to be a surrogate or 
vicariant for overall system stability in order for the error to be functionally 
genuine error for the system (Campbell, D. T., 1974a). But even the existence 
of such an error detector would do the bacterium no good unless that signal 
could in turn control or trigger some further self-maintaining process. It might, 
for example, shift to an entirely different set of interactive strategies for 
self-maintenance, or, in a much more complex system, such error signals may 
guide learning, not just subsequent behavior.My basic point, however, is that 
such implicit anticipations, and their potential falsification in and of and by the 
system itself, constitutes an emergence of truth value in the system itself. Truth 
value is one of the criteria, and a crucial and very difficult criterion to meet, for 
the emergence of representation. I argue, in fact, that such truth-valued 
anticipations constitute the most primitive form of emergent representation, out 
of which all other representation is differentiated and derived (Bickhard, 1993, 
in preparation-b).I have barely outlined these two claims of normative emergen- 
ce, of function and of representation; I have not offered anything like an 
adequate argument for these particular emergents here. My point, however, is 
illustrative, not conclusive. My point is to illustrate a prima facie not-implau- 
sible possibility. Note that, in these models, function and representation emerge 
as properties of certain kinds of open, far-from-equilibrium, systems. That is, 
they emerge in certain kinds of organization of process. The possibility of their 
emergence, therefore, and of their causally efficacious emergence, is not 
precluded. Not precluded, of course, is not the same as accounted for. That 
requires the full arguments not presented here. But, for them to be not 
metaphysically precluded is already a large step beyond the intricate impossibili- 
ties yielded by standard particle and property metaphysics. As mentioned at the 
beginning of this paper, requiring that a model of X not preclude the emergence 
of X already rejects every model of representation and function; (Bickhard, in 
preparation-b) available in the contemporary literature. 

6.Conclusion 

The intuition that genuine causally efficacious emergence occurs — of mind, for 
example, especially yours or mine — is very strong. But serious difficulties have 
been encountered in trying to account for the mere possibility of any such 
emergence. I suggest that these difficulties are due to an inadequate and, 



21 

according to our best current science, false metaphysical framework that is 
presupposed in attempting those accounts. Within a more acceptable process 
metaphysics, the mere possibility of emergence is trivial, and the hard work of 
creating good models of actual emergents can proceed. 
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8.Footnotes 

British emergentists had a kind of organizational conception of what counted as 
lower, and still wanted to claim that something else could be emergent at the 
higher level (Beckermann, 1992a, 1992b; McLaughlin, 1992; Stephan, 1992; 
StUckler, 1991). The emergent property supposedly came into being with 
particular organizations of constituents, but it was in-principle not derivable from 
lower level considerations. Such emergence was itself presumed to be part of 
the physical laws of the universe: under such and such organizational or patterns 
conditions, this new causal property comes into being. This position may 
constitute a physicalism, but it violates the non-ad-hoc-ness of naturalism. 



There is an epistemological view of emergence that depends on higher level 
properties not being derivable from lower level considerations, as a distinct issue 
from that of whether or not the higher level properties are determined by lower 
level properties and relations (Hoyningen-Huene, 1992). In such a view, chaotic 
systems provide a clear kind of (epistemic) emergence in that their course over 
time is not calculable in-principle, even though it is completely determined. 
Among other consequences, this implies that it may not be determinable which 
of two or more different attractors a given system is or will be in because the 
attractors themselves or (inclusive) their basins of attraction may be chaotically 
mixed and not separable in any physically realistic sense (e.g., Newman, 1996). 
I find this to be an interesting conception of emergence, but it is not the one at 
issue in this paper. I am concerned with issues of ontological and physical 
emergence, not only epistemological unpredictability (Hooker, 1979, 1981a, 
1981b, 1981c). 

This would likely be considered to be too weak a notion of emergence by some 
— the British emergentists, for example. But the point of the concept of 
emergence is to differentiate novel causal powers. Causal powers that are in 
principle not derivable from lower causality and initial and boundary conditions 
would certainly be a kind of emergence — though likely an empty kind, and 
certainly an ad-hoc kind — but it is difficult to find a reasonable argument that 
this should be held as the only notion of emergence. Conversely, the point of 
reduction, at least in the sciences, is to reduce the number of ontological kinds 
necessary to understand the world, without necessarily prejudicing, and certainly 
without necessarily rejecting, the reality of at least some aggregations of 
instances of those kinds. Hooker, for example, distinguishes between ontological 
reality, which is a reality of ontological kinds, and physical reality, which can 
include aggregations of instances of those kinds. Ontological reduction can, in 
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ontological kinds are of sub-atomic particles (Hooker, 1979, 1981a, 1981b, 
1981c). That is, ontological reduction of X does not necessarily carry the 
implication of the elimination of the reality of X. The key point would seem 
to be that of the existence of genuine emergent causal powers. If it were held 
that higher level physical systems might exist, but that their causal consequences 
were strictly a result of the working out of the causal powers of the fundamental 
particles that constituted them, then that physical existence might seem 
unacceptably pale and unsatisfying as a notion of emergence. This stance 
depends on a strong distinction between causal consequences and causal powers, 
because it is clear that differing organizations of particles will have, in general, 
differing causal consequences. So the issue is whether or not there are emergent 
causal powers, whatever those might be. The assumption that this distinction 
between consequences and powers makes sense, in turn, depends on the 
assumption that there exists something that bears those genuine causal powers — 
distinct from mere causal consequences. Fundamental particles are the obvious 
candidate for these bearers of ultimate causality. It is to this set of issues 
regarding causal powers that I now turn in the main text. Assuming that minds 
can be understood naturalistically as organizations of particular kinds of 
processes. It is arguable, incidentally, that the basic particle reduction picture 
is not just factually false, but it is also logically incoherent. For example, if the 
particles have no extension, then a field view is forced in order to account for 
particle interactions, since the probability of such particles ever actually hitting 
each other is zero. If particles have finite extension, however, then they pose 
problems of compressibility, velocity of transmission of force through their 
diameter, extreme difficulty in explaining differing kinds of interactions (gravity, 
electricity, etc.), and so on. If a move is made to a combination of particles and 
fields (the typical contemporary semi-sophisticated view), then all of the basic 
issues are already granted anyway in the granting of fields at all. Any field view 
destroys the seduction into a micro-particle reduction because configurational and 
organizational properties make differences in causal power, not just in the 
working out of lower order causal power. There are no particles, but, even if 
there were, so long as fields are granted at all, the microreduction motivation 
fails — and a strict particle view is not only factually false but conceptually 
incoherent as well. (It is worth pointing out that Special Relativity forces a field 
physics, and, thus, a field metaphysics.) Though it is not clear what is supposed 
to bear those internal relations. The syntactic assimilation of relations to 
properties as all being just N-adic predicates for varying Ns seems to have 
obscured the ontological problems that relations pose to any substance-property 
metaphysics (Olson, 1987). It is already clear that causally relevant properties 
are not necessarily local, and, therefore, not necessarily supervenient (Burge, 
1989, 1993; LePore & Loewer, 1987, 1989; van Gulick, 1989). The point here 
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is an extension of that to the existence of certain kinds of systems — in 
particular, of far-from-equilibrium systems. For other discussions of inadequaci- 
es of the concept of supervenience, see Collier (1988) and Horgan (1993a, 
1993b). And quantum field theory requires that all entities are topological 
entities, not substance entities. Topological entities are defined in terms of what 
classes of shapes can and cannot be continuously deformed into each other 
without breaking or tearing anything. A surface with one hole in it, for example, 
can be smoothly deformed into a teacup, but a surface with one hole in it cannot 
be smoothly deformed into a surface with two holes in it — something has to 
tear. Similarly, a sphere cannot be smoothly deformed into a torus (doughnut), 
and a simple loop cannot be smoothly deformed into a simple overhand knot 
(with the ends joined). Such considerations at the level of vacuum processes 
have proven to be central to quantum field theory (Atiyah, 1987, 1991; Dijkgraaf 
& Witten, 1990; L. Kaurmann, 1991; Weinberg, 1996; Witten, 1988, 1989). 
Clearly they are important at a macro-level: a flow with a vortex in it is causally 
different from a flow with no vortex. There exist, of course, questions about 
the nature of the vacuum processes which are (hierarchically) organized at so 
many different scales. That nature is largely unknown (Atiyah, 1991; Bickhard, 
in preparation-c; Brown & HarrA, 1988; Misner, Thome, Wheeler, 1973; 
Saunders & Brown, 1991). But continuity, non-locality, and virtual excitations, 
for example, compel that that nature is not particle-like. The British emergen- 
tists not-with-standing, the scientific use of the concept of emergence fits quite 
well with this notion of emergence in organization, rather than some sort of 
emergence beyond anything non-ad-hoc attributable to organization (e.g., 
Anderson & Stein, 1984; Bechtel & Richardson, 1992; Broschart, 1996; Careri, 
1984; Chapman & Agre, 1986; Cherian & Troxell, 1995; Maes, 1992). There 
is also a form of persistence of types of process organization that is the result of 
instances of that organizational type causing, or at least increasing the probability 
of, the creation of more instances of that organizational type, such as in 
auto-catalysis or reproduction. I will not address these here (Bickhard, 1993; 
Bickhard & Campbell, D. T., in preparation). The illustration leaves the realm 
of biological reality here. I haven't bothered to find out if any actual bacterium 
is capable of this. My point is more general, and this is illustration, and of all 
other forms of normativity as well. 
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Downward Causation 
from macro- to micro-levels in physics 

Abstract 

Downward Causation in a physics-context is viewed as the influence of 
macroscopic coundary conditions on the microscopic dynamics of a thermody- 
namic system. Three cases are considered, corresponding to the three phenome- 
nological categories of C.S. Peirce: 1: The irreversible approach to the maximum 
entropy equilibrium state of a homogeneous phase. 2: A symmetry-breaking 
phase transition (emergence) forming a separating boundary between two phases, 
like the surface of a liquid. 3: adaptive behaviour associated with the surface- 
modes such as self-organized criticality. 
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1. Wholes and parts 



The metaphorical use of the words "upward" and "downward" in connection with 
"causation" is generally understood as involving wholes and parts of a system. 
Thus, the system is a whole that is distinguished from its surroundings by certain 
boundary conditions, and inside the system we may find interacting parts. In 
general systems theory words like "inside" and "boundary" also have a 
metaphorical character: the system is not necessarily like a container in ordinary 
space; for example we may speak of the system of electrons in a metal as 
something separated from the system of elastic vibrations in the same metal, 
although the "boundary" separating these two systems does not have the character 
of the wall of a container but is a sort of energetical constraint that connect the 
two systems weakly throughout the three-dimensional space of the metal. 

We shall, however, in this chapter mostly be concerned with systems that really 
are containers, e.g. a gas that is separated from its surroundings by a solid wall. 
The gas as a whole has certain properties, like volume, pressure, and temperature 
that are conditioned partly by the wall and partly by properties of its constituent 
molecules. Thus, if the wall is heat conducting (diathermic) we may assume that 
the temperature has a fixed value, determined by the temperature of the 
surroundings, and the pressure and volume have a reciprocal relation to each 
other, whereas, if the wall is heat-insulating (adiabatic) both pressure and 
temperature will change, when the volume of the container is changed. The 
boundary conditions in this way determine the laws on the macroscopic level of 
the whole, i.e. the thermodynamic relations that are appropriate to the system, 
and they restrict the motion of the microscopic parts. We can therefore say that 
the boundary conditions exert a "horizontal" and a "downward" causation. Also, 
it is clear that there is an "upward" causation in the system, because macroscopic 
properties, like the heat capacity of the system depends on microscopic features, 
like the shape and rigidity of the molecules. 

One may say that the restricting influence of the walls on the motion of the 
molecules is not genuine downward causality, because the laws of molecular 
motion, like Newton's law of action and reaction, are unchanged by the walls. 
This, however, is a limited truth, because the boundary conditions determine how 
these laws are to be applied. We may state the law of action and reaction by 
saying that the force molecule A exerts on molecule B is equal in magnitude (but 
with opposite direction) to the force molecule B exerts on molecule A, but this 
law then presupposes that molecule A and B have individual existence, so that 
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they do not react chemically with each other and form a compound or split into 
other parts that are not identical with the original molecules, and whether such 
reactions take place or not is determined by the boundary conditions, e.g. 
whether the walls are rapidly changing their positions or whether they are able 
to conduct heat from surroundings with a sufficiently high temperature. 

The temperature is the most important macroscopic property that determines 
what type of laws describes the dynamics on the microlevel. One may say that 
temperature determines what type of parts we may consider as having individual 
existence. An examination of the concept of an ideal gas will illustrate that. 

At room temperature we may consider a quantity of atmospheric gas as 
consisting of rigid diatomic molecules that are able to move freely in the three 
dimensional space within the confinement of the walls and perform free rotations 
around their center of mass. Thus, each molecule has 5 degrees of freedom in 
their motion, namely three translatorial motions and two rotational, and each of 
these degrees of freedom contributes on the average with a fixed amount V6kT 
(where k is Boltzmann's constant and T the absolute temperature) to the total 
energy of the system (assuming that the interaction between molecules is weak). 
The heat capacity of the system is therefore (5/2)k times the number of 
molecules. 

When the temperature is raised the heat capacity begins to increase, because the 
molecules cease to be rigid. When the two atoms in a diatomic molecule are able 
to oscillate relative to each other there will be 6 degrees of freedom per 
molecule, and this is also the case when the temperature induced oscillations 
become so violent that the molecules split into two atoms each having three 
translatorial motions. A further increase in heat capacity due to additional 
degrees of freedom for the microscopic motion becomes evident when the atoms 
begin to loose their electrons and the gas becomes a plasma of charged ions and 
free electrons. 

We may understand the increase of heat capacity as due to the occurrence of new 
degrees of freedom, but once we have understood that molecules consist of 
atoms that consist of electrons and nuclei that consist of protons and neutrons 

that consist of we are faced with a big problem: These additional degrees 

of freedom exist all the time in the molecules. How come that we do not "feel" 
them at ordinary temperatures? How is it possible at all to speak of a well 
defined micro level of a macroscopic system when the parts themselves are 
wholes consisting of smaller parts that perhaps again may be subdivided in even 
smaller parts? It looks as if there is no "bottom" for the physical description but 
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rather an indefinitely descending hierarchy of microscopic levels. Where do we 
find the bedrock of microscopic dynamic from which the upward reaching 
causality extends to the macro-surface of thermodynamic systems? 

This is one of the paradoxes that haunted classical physics around the turn of the 
century and led to the invention of quantum mechanics. The answer to the 
problem is that sub-microscopic degrees of freedom are "locked" by quantization 
of energy, and the smaller parts we consider the larger is the separation between 
their energy levels. When the level differences are much larger than the average 
energy of thermic motion it is impossible to transfer heat to these parts and 
therefore they do not contribute to the heat capacity. Therefore we are allowed 
to consider the gas at room temperature as a collection of classically moving 
rigid bodies for the purpose of dynamics, although we know full well that they 
consist of atoms, electrons and nucleons. The laws of quantum mechanics come 
into play for higher temperatures to describe the gradual loosening of the 
motions of these smaller particles and also for lower temperatures to describe the 
locking in of motions that are free at room temperature. 

We see, thus, that the downward causative influence of the macroscopic 
boundary conditions on the microscopic dynamics is far more profound than just 
to delimit a certain part of the state space as available( see the paper by Mark 
H. Bickhard). The very notion of a microscopic state depends crucially on our 
ability to heat and isolate systems, and this ability is not reduceable to 
microscopic laws but depends on technology and intention. The physicists do not 
just isolate a natural system for closer study, but with their methods of 
preparation create the system, including the notion of microscopic parts and the 
laws that govern them. 

The Nobel prize in physics for the year 1996 was given for the discovery of 
superfluidity of the Helium isotope 3 He. 1 However, this property only exist 
below a millidegree above the absolute zero of temperature, and, as the 
background temperature of the universe is between 2 and 3 degrees, more than 
a thousand times higher, we can be pretty sure, that superfluid 3 He only exists 
where there are physicists to study it. 
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2. Irreversibility and noise 



All microscopic dynamical laws in physics are reversible, or invariant under time 
reversal. This means, that there is a certain mathematical operation that changes 
time t to -t in connection with changes of other variables such that the same law 
applies to these transformed quantities. In classical mechanics we have to reverse 
all velocities when we reverse time. If we look at a motion picture of a lot of 
billard balls in motion and compare a certain situation with the same situation 
in the same motion picture run backwards, then we see the same positions of the 
balls but the opposite velocities, but we cannot by watching of the two versions 
of the film decide which is run the wrong way, unless there is a situation that 
points to the setup or preparation of the scene. If, for example, we see ten balls 
lying still in a cluster and one rapid ball moving into the cluster scattering the 
others in all directions, then we would guess that we see the events in the correct 
order of time. The time reversed show of a lot of balls coming together in a 
multiple collision and transferring all their motion to a single ball would seem 
too improbable to be natural. We would know that no billard player, however 
skillful, would be able to create such a sequence of events, except by sheer luck. 

There is nothing in the laws of motion that forbid improbable occurences, for the 
very notion of probability is totally alien to the laws, like the notions of skill and 
intention. When we introduce such considerations we are jumping from the 
microscopic, reversible world to the macroscopic world, where the laws are 
irreversible. A film showing an egg being dropped to the floor and splashed all 
over it displays this macroscopic type of behaviour, and nobody would be in 
doubt whether it is shown with the right or wrong direction of time. 

Macroscopic irreversibility was first formulated in laws like Fourier's law of heat 
conduction and Ohm's law of electrical conduction. Later it was generalized by 
Clausius about 1860 in the law of the increasing entropy. This strange state 
function of thermodynamic systems has the peculiar property that it can only 
increase when it changes, and it does so whenever some spontaneous event takes 
place in an isolated system. We all know what such an event could be, e.g. self- 
ignition of burnable material, but the notion of spontaneity is just as alien to the 
microscopic dynamics as entropy and irreversibility. 

In classical mechanics or quantum mechanics every change of the state of an 
isolated system is totally deterministic, being determined alone by the force-law 
and the present state. But in thermodynamics we cannot be sure that a quiet state 
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of equilibrium will remain so. It may be a metastable state, and a transition to 
a more favorable equilibrium (with higher entropy) may be triggered by 
unforeseeable fluctuations in an explosive way. There is a profound connection 
between irreversible behaviour and indeterminacy. If a system is able to reach 
a state of equilibrium in an irreversible way then there must be unpredictable 
fluctuations or noise in the system . Normally the noise will be sub-liminal, and 
it is neglected in laws like Fourier's and Ohm's. But there may occur situations 
where the future development may take several directions depending on marginal 
differences, and in such cases the presence of noise is crucial for the the 
realization of macroscopic indeterminacy. 

The intrinsic connection between irreversibility and noise is due to the statistical 
or probabilistic character of both. 2 This was illustrated with the example of the 
billard balls, and in general we can use statistical models involving a moderately 
large number of particles to mediate between the seemingly irreconcileable 
paradigms of reversible micro-dynamics and irreversible thermodynamics. 

The first attempt to reconcile these two physical disciplines was made by L. 
Boltzmann with the H-theorem from 1872. Boltzmann set up an equation to 
show how an arbitrary initial distribution of velocities of the molecules in a gas 
would be changed by collisions and finally stabilize itself in a statistical 
equilibrium. This was done by introduction of the H-functional that exhibited 
irreversible properties and could be used as a definition of entropy in statistical 
terms. Boltzmann was convinced of the correctness of thermodynamics, but his 
H-theorem was met with severe criticisms from mechanicists, Loschmidt, 
Zermelo, and Poincare. The simplest objection was the Umkehr-Einwand by 
Loschmidt who simply pointed to the time-reversal symmetry of the mechanical 
laws and correctly concluded that no mechanical proof of the entropy law could 
be possible. The objection would not be so serious if it hadn't been put forward 
in a philosophical ground of mechanical reductionism. Everybody seemed to 
believe that Newton's laws of mechanics ought to explain everything, and the 
best arguments aginst this view and in support of Boltzmann were formulated by 
the physicist W. Gibbs and the philosopher C. S. Peirce, both in America far 
outside the european main stream of science at that time. 3 

In 1911, five years after the death of Boltzmann, Paul and Tatjana Ehrenfest 
published a thorugh discussion of Boltzmann's theory and the objections against 
it. 4 The Umkehr-Einwand was taken into consideration with a simple model of 
diffusion, that we shall briefly consider. 



34 

In the Ehrenfest diffusion model a collection of N numbered particles are 
distributed in two urns, or in the separate two halves of a container. Every 
second a number is chosen randomly between 1 and N, and the corresponding 
particle is transferred to opposite half-container. The figure below shows a 
simulation (or rather two simulations) with 200 particles (ragged curve). At time 
zero in the middle there are 180 particles in the right half of the container. Time 
proceeds from zero to 400 from the middle to the right boundary of the figure 
and from zero to -400 going to the left. 




Figure 1 The Ehrenfest diffusion model. Vertical axis (0-200) shows 

the number of particles in the right half container. Horizontal axis: time from 
-400 to 400. Ragged curve: simulation. Smooth curve: average relaxation. 



In this model time is just a counting number of a random draw and it makes no 
difference whether it is counted backwards or forwards. The leftward running 
simulation (0 to -400) of course looks slightly different from the rightward 
running (0 to 400) but that is just a statistical difference to be expected between 
two different simulations. The reversibility of the model is manifested by the 
approximate left-right symmetry of the figure 

In principle we could regard the whole run as one single simulation from -400 
to 400. The resulting curve is a fractal with small fluctuations within larger ones 
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and one especially large fluctuation right in the middle. It is not impossible that 
such a simulation result could occur but one gets suspicious that the large 
deviation in the middle is prepared, because the most probable distribution of 
particles is 100 in each half of the container and large deviations from that 
number are extremely rare. If a single simulation produced such a result we 
would be tempted to to discard it because it is "untypical" just as if a shuffling 
of cards had produced a deck with all the diamonds in a single cluster with no 
other suits mixed in between. In fact, the probability of a random occurrence of 
180 of the 200 particles in the right half-container is about 10' 33 , so if we draw 
one number per second we would have to wait about 3-10 25 years before such 
a combination could be expected to occur once if there were no "cheating". 
Considering that the universe is only about 10 10 years old we are almost allowed 
to say that such a large fluctuation is impossible. 

Knowing, however, that the situation at time zero is prepared by the ex- 
perimenter and that in reality there are two simulations, one counting forwards 
and one counting backwards in "time" there is nothing strange in the picture. If 
we make a lot of simulations from the same initial condition at calculate the 
average number of particles in the right container for each step of time the result 
is the smooth curves in figure 1 showing exponential relaxation of the initial 
large deviation in both directions of time. The reversibility of the model is exact 
for the two relaxation curves taken together, although the phenomenon of 
exponential relaxation in physics is always connected with irreversible 
phenomena. The forward relaxation curve looks exactly like the discharge of a 
capacitor through an ohmic resistance. Ohm's law alone will give the smooth 
exponential, and the deviations from it shown by the simulation correspond to 
the Nyqvist-Johnson noise from the resistor as filtered by the capacitor. 

How can the reversible Ehrenfest model then account for the irreversibility 
described by Boltzmann? By showing that irreversibility is a result of the 
experimenters ability to prepare an improbable initial state and letting the 
dynamical situation proceed forwards in time. It is only the right half of figure 
1 that can be regarded as a physical model of diffusion. The experimenter can 
have the 180 particles put into the right half of the container at time zero and 
then let the system run its course by itself, but he cannot choose an initial state 
like the one at time -400 that will evolve by itself to the very improbable state 
at time zero. If the experimenter had a "memory of the future" he could perhaps 
do the trick, but he only knows the past and he therefore cannot select among 
all the many similarly looking states near equilibrium one of the few initial states 
that will develop into a conspicuously deviating state. 
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The question of how irreversibility arises is thus transferred from the domain of 
microscopis dynamics to the irreversible behaviour of the experimenter. How can 
it be that we only have a memory of the past and that our sense of time always 
proceeds in the same direction? This question cannot be answered reduc- 
tionistically be considering a human being like a collection of molecules that act 
together according to the laws of mechanics, for, as we have seen, these laws are 
all reversible and have no sense of "time's arrow". But the human body works 
as it should only if it is inserted in an ecological system with available food and 
clean air and water, a thermodynamic system far from equilibrium. Such a 
system has a tendency to relax towards equilibrium producing entropy and it is 
this tendency that nourishes the organism and provides it with a sense of time. 
If the ecological system were isolated in the universe it would run down to 
equilibrium and the organisms would die. But it is maintained in the non-equili- 
brium state by a flow of low-entropic energy from the sun that can be converted 
into high-entropy heat radiation and scattered out into the background radiation 
of the universe. The question of the origin of irreversibility is thus pushed 
upwards as far as "up" goes in physics: to the irreversible evolution of the whole 
universe. 

The recognition of this multi-level downward causation from the ecosystem 
through the experimenter's ability to select improbable initial states for a 
thermodynamic system changes the status of the sentence "the entropy increases" 
from a paradox to a tautology. For the prerequisite of being able to say anything 
is that the entropy of the universe is higher after the saying than it was before. 
The same entropic condition applies to any significant event, to every difference 
that makes a difference, i.e. rises appreciably above the noise level of fluc- 
tuations. 



3. The emergence of boundaries 



In the early universe matter is uniformly distributed in a gaseous state of internal 
thermodynamic equilibrium. In such a state there are no boundaries, it is 
impossible to separate a system from its sorroundings, and no signs or significant 
actual events can exist. Nothing marks the space, and gravitation is cancelling 
itself out. However, the increasing scale or expansion sets up an external control 
parameter that gradually forces internal symmetry breaking choices that set up 
ordering fields acting as internal control parameters for the creation of significant 
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boundaries, limitations, and constraints. These constraints, in turn, lead to greater 
semiotic freedom, or liberation of the semiosphere, as pointed out by Jesper 
Hofrmeyer 5 

A specific type of order, created by spontaneous symmetry-breaking may 
generalize itself by the action of the ordering field it makes. For example, a 
larger concentration of matter in a volume creates a gravitational attraction 
towards its center such that surrounding material gets sucked in making the 
gravitational pull even stronger. The resulting local inhomogeneity of matter 
creates a spreading tendency to form nucleation centers for matter in space. 
Gravitation, previously lying dormant, in this way becomes generalized to a habit 
of the universe, becomes significant. 

According to Peirce this is semiosis at work. A slumbering affinity or similarity 
is an icon, an actual difference is an index, and a habit or general rule is a 
symbol. Symbols are general ideas that spread and loose intensity but become 
associated with other ideas whereby new symbols are created. This is Peirce' s 
law of mind. 

The phenomenology and metaphysics of C. S. Peirce distinguishes between three 
ontological modes or categories: 

1. Firstness: This is the mode of potentiality and being. 

2. Secondness: Actuality and individual existence. 

3. Thirdness: Generality and reality. 

The categories follow each other such that Secondness presupposes and contains 
Firstness, and Thirdness presupposes and contains Firstness and Secondness. 

The emergence of a boundary separating between spatially extended qualities is 
a Secondness arising as an actual distinction between Firstnesses. If we think of 
something like a water surface we can imagine how the constrained space of the 
surface evolves it own laws by downward causation, and indexical signs like 
drops of water become generalized and symbolized to rain and rivers and oceans 
(with birds, boats, and fishes). 

Internally there is no qualitative difference between a gas and a liquid. There is 
no long range order and the molecules wander erratically around. So, if it is at 
all possible to distinguish between gas and liquid it must be due to the existense 
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of a surface that separates the denser liquid from the rarefied gas. Secondness 
enters the picture through the surface that distinguishes between the internal 
Firstnesses of the two phases, but while the gaseous phase keeps its unconstrai- 
ned Firstness, the liquid is contaminated with Secondness, for the surface belongs 
to the liquid it confines. The surface introduces a tension that keeps drops of 
liquid together. 

The qualitative features Of the gas-liquid transition was first described mathema- 
tically with the Van der Waals equation of state (1872). This equation explains 
the existence of a critical point (P C ,T C ) in the pressure-temperature plane such 
that the distinction between gas and liquid only exists for certain pressures when 
the temperature is below the critical temperature T c . Van der Waals' equation 
(see appendix) has become paradigmatic, not because of its quantitative 
agreement with measurements for real gases (which is not impressive) but 
because it gives a simple conceptual scheme for the discussion of order-disorder 
transitions (or second order phase transitions). The hypostatic abstraction of this 
concept was perfected by L. D. Landau in the mean field theory of second order 
phase transitions^ (1950) 6 and by R. Thorn in the so-called catastrophe-theory 
(1978). 7 The gas-liquid transition exemplifies the cusp-catastrophe of Thorn, and 
this is the simplest model for describing how a type of order nucleates 
spontaneously and is able to induce similar ordering in its surroundings. By 
means of Van der Waals' equation one is able to formulate a law of correspon- 
ding states for different gases. For example, the reduced pressure P/P c of 
saturated vapour is a universal function of the reduced temperature T/T c as 
shown in figure 2 



* } Other examples of such transitions are the ferromagnetic and the 
superconductive transitions, and order-disorder transitions in alloys. 
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T/T, 



Figure 2 Reducered pressure of saturated vapour as function of reduced 
temperature according to van der Waals. 
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As shown in figure 3 the cusp catastrophe requires two control parameters, a and 
b, where a is the "external" control (temperature) and b the "internal" control 
(ordering field). For the case of the gas-liquid transition b is roughly proportional 
to the deviation of the pressure from the critical pressure, (see, however, the 
discussion of the control-parameters in the appendix). 

The a- and 6-axes in figure 2 are made to cross in the critical point. Above this 
point (for higher values of a) no ordering is possible (no surface), but below 
there is an interval of b values where the two phases may coexist. 




Figure 3 The cusp catastrophe. Potential as function of order parameter 

shown for marked points below the cusp. 



The ordered phase is described by an order parameter which for the gas-liquid 
transition is the difference in density between the two phases separated by the 
surface. The equilibrium value of the order parameter is one that minimizes the 
thermodynamic potential (Gibbs' free energy). The catastrophe set in the control 
plane is a curve that exhibits a cusp in the critical point. This curve separates a 
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region where this potential has two minima below the cusp from another region 
where it has only one minimum. 

The left minimum corresponds to the gaseous phase and the right to the liquid 
phase. Close to the critical point, where the saturated vapour pressure is equal 
to the critical pressure, the two phases may coexist in equilibrium only on the 
line b=0. Normally in thermodynamics one assumes that the lowest minimum is 
the stable one, such that the two phases may coexist only when the two minima 
have the same height, i.e. on the a-axis belov the cusp. This assumption 
corresponds to the so called Maxwell convention. In reality, however, there may 
be a region with "superheated liquid" to the left of the a-axis and a region with 
"supercooled vapour" to the right and these regions of metastability may extend 
to the catastrophe curve, but not beyond, which is the convention of "maximum 
delay". Where the transition actually takes place is determined, among other 
things, by characteristics of the surface. Very small bubbles of liquid have a high 
surface tension which increases the internal pressure such that the bubble may 
be superheated. 

The emergence of the phase separating boundary to a liquid phase in a gaseous 
region is a complicated cooperative phenomenon. A mist of small droplets 
appears, and gradually these droplets coalesce whereby the pressure is regulated 
through the action of surface tension (and perhaps gravitation). When the 
external control parameter is lowered (a, the temperature) large density 
fluctuations will begin to appear, and these will adjust the internal control (b, the 
pressure deviation) so as to pass through the critical point. Below criticality the 
fusion of droplets will tend to keep the system in the close neighbourhood of the 
a-axis, b - 0, the line of saturated vapour pressure. 

The emergence of boundaries like the liquid surface is the first step in the 
semiosis of natural pre-biological evolution. It is the transition from the 
slumbering Firstness of icons to the specificity and actuality of indices. But the 
law of mind comes to play by the downward causative influence of habit 
formation. A habit is an emerging generality, a Peircean Thirdness that 
presupposes the significant difference of Secondness. An occurrence governed 
by habit is facilitated by its own previous occurrence. In this way the habit 
implies a self-reference that makes it a suitable third factor or interpretant of a 
symbolic sign relation. 

We have seen that the surface tension is a feature that arises by downward 
causality. But liquid surfaces and other types of emergent boundaries tend to 
develop specific habits that do not belong to the world of microscopic dynamics. 
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The significance of singular shapes in the control space, like the cusp and the 
line of coexistence in figure 2 is due to a tendency of boundaries to proliferate 
themselves, and this is done most efficiently in the neighbourhood of critical 
regions. The phenomenon of self organized criticality (SOC) that has been 
described by Per Bak et al 8 seems to be a most important fact for the under- 
standing of semiosis in evolution. The simplest example is that of the sand dune 
that maintains a critical slope because just this slope has the maximal ability to 
respond by avalanches of all sizes to every disturbance. 

Phase separating boundaries create a confined space for special types of 
disturbances, like ripples on the water. These modes have a dominating 
downward causative influence near the critical point, as described in the slaving 
principle by H. Haken: 

"Haken's slaving principle states that in 

the neighborhood of critical points, the behavior of a complex system is 

completely governed by few collective modes, the order parameters, that 

slave all the other modes." 9 




Figure 4 rippled surface 
by M.C. Escher. Lino-cut 
1950 
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These surface modes have dynamic properties determined by overall metrical 
properties of the surface, like its fractal dimension. On the other hand, these 
modes have the function of maintaining the overall characteristics of the surface 
that maximizes the diversity of internal motion which is close to the critical 
region of marginal instability. The working of the pre-biotic law of mind may 
thus be described as a complex interplay of upwards and downwards causality. 
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to the need for a new mechanical theory of atoms. 
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Appendix: 
van der Waals' equation of state 

1. Virials and Van der Waals . 



In the article "Man's Glassy Essence"* Peirce ettempted to put up a materia- 
listic theory for the metabolism and self-reproduction of living cells. The 
physical foundation for this theory was the virial theorem and van der Waals' 
equation of state. Even though Peirce' s article takes an idealistic turn towards the 
end it is still important as an expression for Peirce' s semiotic realism, and— as 
the theory also in the present article is basic for the discussionen af emergence 
of surfaces, we shall briefly consider it in this appendix. 

In classical statistical mechanics the so-called law of equipartition states that the 
average kinetic energy per. degree of freedom is VikT. In contradistinction, the 
average potential energy is not so easy to calculate. In stead we can express the 
deviation from ideality of gases by the virial, that is the average sum of 
attractive force times distance, that affects one molecule from all the others. The 
Virial theorem of Clausius can be stated in the form*^ 

KT = Pv + ^£Fr (1) 

where P is the pressure and v the volume per. molecule, i.e. the total volume V 
divided the number of molecules. The last term is the molecular virial. Here, the 
situation is viewed from the place of one, arbitrarily chosen, molecule, and we 
sum for all other molecules the attractive force F (i.e. -F, if the force is 
repulsive) times the distance r from the chosen molecule. Finally, this quantity 
is averaged over all molecules (denoted by the bar over Fr). If we can disregard 
the interaction between molecules, the virial diappears, and equation (1) 
degenerates to the state equation of ideal gases. 



*> The Monist, vol. m, 1892. 

(oversat til dansk og forsynet med indledning og noter 

af forfatteren (PVC) i bogen 

Charles Sanders Peirce: Kosmologi og metafysik, 
Gyldendal, Moderae taenkere, 1996). 

** } See e.g. D.Ter Haar: Elements of Statistical Mechanics. 
Holt, Rinehart, and Winston (1954) 



45 

We may get a simple expression for the v-dependence of the virial if we assume 
that the molecules are uniformly distributed in space. If we place a sphere of 
radius R and center in a molecule, then the number of other molecules in this 
sphere will be the sphere's volume divided by v. WE shall further assume that 
the attraction F decreases with distance faster than f 3 *\ We can then choose 
R sufficiently big , so that the molecules outside the sphere don't significantly 
contribute to the virial. It then follows that the virial must be proportional to the 
number of molecules in the sphere, i.e. inversely proportional to v. Equation (1) 
can, therefore, be written in the form 

kT=Pv + -=(P + — )• v (2) 

v v 2 

where we have included the factor 1/3 from eq. (1) in the constant a. The 
introduction of this constant instead of the individual virials makes the following 
theory belong to the family of mean field theories of second order phase 
transitions that is comprised by Thorn's cusp-catastrophe. 
In this model we have disregarded the repulsive core of the intermolecular 
forces, but we can take it into account,roughly, by ascribing to each molecule a 
proper volume b. I van der Waals' equation (2) this is done by replacing v with 
"the free volume" v-b. If, simultaneously, we introduce molar quantities in stead 
of molecular Eq (2) is changed to the traditional form of van der Waals' 
equation: 

(P + _L)^ V - b) = RT (3) 

v 2 



where R is the gas-constant, i.e. Boltzmann's constant k times Avogadro's 
number.In the general thermodynamics of real gases one assumes that the virial 
can be series-expanded in the quantity 1/v. The term a/v in eq. (2) is the first 
term in the virial expansion: 

Pv = RT-[1 + ajCD- V 1 + a/T)- v" 2 + • • • ] ( 4 ) 

For van der Waals' equation (3) we have: 



* } The attractive tail of the van der Waals-forces, due to mutually induced 
molecular dipoles goes as r" 6 . 
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P = — - — (5) 

v-b v 2 

by series expansion of the first term on the left side af (5) and comparison with 
(4) we then find,that the tirst two of the virial coefficients according to van der 
Waals are given by: 

a = b - — ; a, = b 2 (6) 

i RT "2. 

Specifically, that the second virial coefficient is temperature-independent 



2. Reduced variables and corresponding states. 

Van der Waals' equation (2) can be written as a cubic equation in v: 

Pv 3 - (Pb + RT)v 2 + av - ab = ( 7 ) 

One finds, that there is a critical temperature T c , such that there for T<T C exists 
a P-interval with three solutions for v. For T>T C there will for each value of P 
only be one value of v, that satisfies eq. (7). For T=T C there will be one point, 
P=P C , v=v c , where the polynomial Q(v) on the left side of (7) is zero, while, 
aimultaneously, both its first and its second derivative vanish. In order to 
determine the critical values v c , P c , and T c we have to solve (7) together with the 
equations: 

Q / (v)=3Pv 2 - 2(Pb + RT)v + a = < 8 > 

Q"(v) = 6Pv - 2(Pb + RT) = < 9 > 

By the solution,e.g. one may first find from (9), that 

Pb + RT = 3Pv (9a) 

Dette is then inserted in (8) and one gets: 
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v 2 = J- (8a) 

3P 

By insertion of (9a) og (8a) i (7) we find: 

= v [Pv 2 - (P+RT)v + a] - ab = \i-2Pv 2 + a] - ab = a(v/3 - b). 

Det critical volume is thus 

v c = 3b (10) 

og by insertion of this value in (8a) og (9a) we find: 

P = -±- (11) 

27b : 



T = 8a (12) 

c 27bR 



we may then introduce dimensions-less, or reduced variables, viz. the reduced 
volume i), the reduced pressure n, and the reduced temperature x by the 
definitions: 

v = o<v c ;P = tt-P c ;T = t-T c (13) 

Inserting these expressions in van der Waals' equation (3), it attains the 
dimension-less form: 

(tt + — )-(3u - 1) = 8x (14) 

u 2 

In this way every reference to the specific properties of the gases vanishes. Ve 
say that two gases with the same samme values of the reduced variables are in 
corresponding states. 
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3. the pressure of saturated vapour. 

We start by writing (14) as a cubic equation in o: 

u 3 + Ai) 2 + B-u + C = 



3 tc it * 



Even though it is easy to determine the isotherms n as function of u for fixed 
x by using af (14): 

8t _ 3 (16) 

7C - — ~ 

3u-l u 2 

it may in some situation be necessary to go the other way and find u as a 
function af k (for fixed x) by solving the cubic equation (15). 

For x<l there exists a 7t-interval, where (15) has three solutions for u. By 
placing a line of constant ic in this interval, the areas between the isothermal- 
curve and the line be found analytically by integration of (16), when the points 
of intersection have been found by solving (15). The pressure of saturated vapour 
is then according to Maxwell, that value of n, that makes the areas over and 
below the linen of equal size.(see figure A2). This so-called Maxwell-convention 
corresponds to the thermodynamic condition of equilibrium that the chemical 
potentials of the two phases shall be equal.The isotherm can, according to (16) 
have negative values of n for x<27/32, men that doesn't matter, because the 
part of the isotherms, that lies under the Maxwell-line, is unphysical, anyway. 
The following table and curve (figure Al) shows the results for the pressure of 
saturated vapours reducerede tryk as function of the reduced temperature, 
determined by numerical solution of the Maxwell-condition. 
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0.96 


0.8476 


0.9 


0.6470 


0.8 


0.3834 


0.7 


0.2005 


0.6 


0.0869 


0.5 


0.0278 
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T/T r 



Figure Al. Qualitative sketch of 
the reduced pressure of saturated vapour 
as a function of reduced temperature. 
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4 . 



Figure A2. van der Waals isotherms and Maxwell-lines : d as a 
function of n for fixed x. The critical isotherm (x=l) has a horizontal 
tangent of inflection at the critical pressure. 



4. Cusp and control-parameters. 

In the general theory of cubic equations in the form (15) one introduces the 
mathematical control-parameters 



a = B 



P = 



<±? 



AB 



C 

2 



corresponding to the parameters a and b in figure 3, respectively 

The number of solutions to the equation is then determined by the sign of the 
expression 



D = b 2 - a' 
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x 1 + 5x; n = 1+571 



8t and 5tc are then related to a and p by a linear transformation, and for both 
sets of control-parameters the critical point (the cusp) is located in (0,0). In 
catastrophe theory it is assumed (based on results by Morse and Thorn) that such 
a transformation leaves the topology of the singularity unchanged, but exactly 
how the system passes through the critical point depends on the physical 
mechanism of self-organized-criticality (SOC) that acts by means of the critical 
density fluctuations and the slaving surface modes, and the mean field theories, 
like Thorn's cusp does not take these fluctuations into account. It has been 
shown that the mean field description is strictly valid, only in a four-dimensional 
euclidean space. In all other cases the theory has to be renormalized, and the 
exact behavior of the renormalized cusp has not been fully determined, not even 
for such qualitative features as the critical exponents of the power laws that 
govern the SOC. The "slaving" surface modes that govern the SOC may lead the 
physical control-parameters to the critical point by some power law, so that even 
the cusp-shape (a= -b 2/3 ) of the mathematical catastrophe set may need renormali- 
zation. 

Still, the cusp catastrophe and the mean field theory of phase transitions has its 
paradigmatic merits as the simplest description of a second order phase transition 
with a critical point. 
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Abstract 

This paper refers ( but adds nothing) to the standard model of elementary particles, 
but present many of these particles in a "botanical" way, like the flowers in a Flora. 
The vacuum-background for the particles is treated with special emphasis on the zero- 
point-energy and its measurable effect — the Casimir effect. The special importance 
of the number 3 in the standard model leads to the idea that classification may be 
based on C.S. Peirce's triadic philosophy of signs — his Semiotic. A slightly 
abbreviated danish version of this article will appear in the collection: Thellefsen and 
Dinesen (ed.) Semiotiske Unders0gelser, Gyldendal, 2003. 

Thanks are due to Bent C. Jorgensen for suggesting the botanical metaphor 
and to Edwina Taborsky for inspiring applications of Peirce's semiotic to physics. 
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1 

the semiotic Flora of Elementary Particles 

by Peder Voetmann Christiansen. 

Introduction 

Most natural sciences start out with a deictic ontology 1 , a view that builds on the 
distinguishability of objects through nomenclature and placing in a system of classification. 
Thus, a natural science like biology builds on a natural history, like botany that through the 
classification of Linne allows the naming of plants using a well defined system of indexing 
— a Flora. The physics of elementary particles is long past the state of natural history by the 
use of a strong, but heavy mathematical apparatus in Quantum Field Theory and group- 
representations. As the particles by and by have become as numerous as flowers we can still 
use a "Flora" for naming and schematically surveying them. A suitable system for this can be 
found in Peirce's semiotic. This makes it possible to find a shorter way through the 
mathematical jungle, and certain regularities that still appear enigmatic in the mathematical 
theory, seem more understandable in the semiotic perspective. 



1. the Wild Vacuum. 

the physical concept of a particle — a point with mass — is, semiotically speaking, 
an icon — a sign whose object is potential or virtual. The particle as the physical object the 
icon refers to has definite properties, but not necessarily existence. A virtual particle is just a 
possibility for excitation of the physical vacuum — the empty space. That space is empty does 
not mean that it is without properties. It has three types of properties, viz. optical, topological, 
and metrical properties. The optical properties * J 

entail that space has three dimensions and is seen as delimited by a heavenly sphere which has 
no physical existence. Two parallel lines (light rays) are seen as in the painter's perspective 
(CP 6.26) intersecting each other in two diametrically opposite points and all possible points 
of infinity make up "a line in the infinite" i.e. a great circle on the heavenly sphere, called the 
horizon. " ; .The topological properties are described by Peirce with four integers, the so called 
Listing numbers 1 chorisis, cyclosis, periphraxis, and immensity that characterize every three- 
dimensional object: Chorisis is the number of separate pieces that make up the object. Cyclosis 
is the number of through-going holes or singularities with axial symmetry (like vortices). 
Periphraxis is the number of internal, three-dimensional holes, and Immensity is a number that 



* } Peirce uses the name optic for the discipline that is now called projective 

Geometry. Topology he calls topic. Peirce claims that optic and topic should precede metric. 

* #) Every plane bundle of parallel directions of view has a horizon, and all horizons 
together make up the heavenly sphere. 



is only different from zero for an unlimited body. Looking at the whole universe it will have 
chorisis and immensity equal to one, while its cyclosis and periphraxis are unknown quantities 
reflecting singularities in the metric of space. The field equations of General Relativity that 
combine the metrical properties with the field of gravitation show that there are possible 
singularities corresponding to both types: Cosmic Strings add to the Cyclosis of space and 
Black Holes add to its Periphraxis. How many there are of such objects in the visible universe 
is not known, but observations indicate the both types exist. 

Within the normally accessible scales of length and energy the physical vacuum 
appears completely without structure. It is, though, not without properties, but hides itself 
under three fundamental constants of nature, viz: 

1 : c=3 • 1 8 m/s; the velocity of light in vacuum. 

2: h=h/2Tt=\0' 34 J-s Dirac's quantum of action, (h is Planck's constant). 

3: G=6.67T0" 13 N-nrVkg 2 Newton's constant of gravitation. 

Exaressed as here in normal (SI) units the numerical values of these constants are 
either very big or very small, but that just means that the Si-units (length in meters (m), time 
in seconds (s), and mass in kilograms (k)) are "human measures", far away from the world of 
elementary particles. However, it is possible to choose units of length, time, and mass, such 
that the three constants of nature, mentioned above, all get the value of unity in these new 
units, the so called Planck-units. 

the Planck-length is then: L P =V(ft G/c 3 )=4- 1 0" 36 m 

the Planck-time is: t^LJc^lO' 44 s, 

and the Planck-mass is M P =yf(h c/G)=5-10" 7 kg. 

A natural starting point for pictures of elementary particles is then 
a sphere with radius one Planck-length and mass one Planck-mass. Compared to ordinary 
elementary particles (like electrons) the Planck-particle is of very small extension, but very 
heavy (ca 0.5 mg). 

The force of gravity on the surface of such a particle will be so strong, that the 
particle "swallows itself and becomes a mini-black hole. This has never been 
observed,and will probably never be, since the Planck-energy M P -c 2 =1 18 GeV is far 
beyond the range of even the largest accelerators. Perhaps there has been many of 
them when the universe was only one Planck-time old, but as "mini-black-holes" 
quickly evaporate by a process called Hawking-radiation, they have all disappeared 
long ago. If we could view the physical vacuum through a microscope With a 
resolution of one Planck-length we would likely see that space on these scales is not 
without structure, but has both cyclosis (from superstrings) and periphraxis (from 
mini -black-holes). Topology (and hence also metric) is chaotic on the Planck-scale, 
both in space and time. 



2. Zero point energy. 



In the holistic "New Age Philosophy's" critique of physical reductionism (as 
expressed, e.g. by David Bohm) one often sees the assertion that the physical vacuum contains 
infinite amounts of energy 2 . 

Even the smallest volume, like a cubic millimeter should, according to this conception, contain 
enough of energy to sustain the whole world for many years'* 

We shall see how such an idea can arise from a — basically correct — application of 
physical principles and why it is, despite of this, altogether wrong. 

Let us consider a small part of space delimited by two parallel metal plates separated 
by a distance L. Between such plates there can be a series of electromagnetic oscillation-modes 
that are standing waves whose half wavelength is a whole fraction of the distance L. Like for 
an oscillating string or a closed organ-pipe we can distnguish between a ground-tone with the 
wavelength 2L and an infinite series of overtones, where the nth overtone has the wavelength 
2L/(n+l). The ground-tone has «=0 and the overtones have n from 1 to qo. The frequency of 
oscillation of each such mode is found by dividing the wavelength up into the velocity of light 
c. Thus, the ground-tone has the frequency v=c!7L. Every mode can be considered as a 
harmonic oscillator, and according to Quantum Mechanics it can only have the discrete 
energy-values 

E m ={m+ x A)hv 

where m is a positive integer or zero. We see that the energy is quantized with the 

quantum hv. 
Such field-quanta can be regarded as particles, and when it, like here, are quanta of an 
electromagnetic "light-field" we call the particles photons. Likewise, we speak of phonons 
when it is a sound-field like the oscillations on a string that are quantized, (c should then be 
the velocity of sound). If the nth mode is excited to the mih level we say that there are m 
photons (phonons) in the state n. Thus, the ground state of vacuum is the one where m=0 for 
all the states. From the above formula for the energy-values we see that the energy of each 
mode in its ground-state is not zero, but carries the zero-point-energy hv/2. As there are 
infinitely many modes in the cavity, the total zero-point-energy is infinite. This, however, is 
a purely formal consideration that does not consider the semantic purport in the concept of 
energy, namely ability to perform work. If an oscillator is excited to level m it can perform 
work by delivering a quantum hv to the surroundings whereby the oscillator itself makes a 
transition to level m-\. This, however, is impossible, if the oscillator is in the ground-state 
m=0, because there are no lower levels. So, the infinite vacuum-energy turns out to be a 
fiction, and a "perpetuum mobile of the third kind" is an impossibility like all other kinds of 
perpetuum mobile. 

One should not, however, entirely disregard the zero-point-energy as being unreal, 
because it shows itself in other ways than the ability to perform work, namely by the pressure 
it exerts on the surroundings. The so called Casimir-effect is an experimental demonstration 
of this pressure. 3 . 

The zero-point-energy has physical actions and is therefore, according to Peirce's 
pragmatic criterion of meaning, real. This assertion leads naturally to the question "From 
where did it come?" This is a mischievous question that leads to the mischievous answer: "We 



f) A hypothetical engine that can extract the vacuum energy is called a 

"Perpetuum Mobile of the third kind". 



made it ourselves!" There is, namely, a concept-logical connection between localizing a 
particle ( to ensure that it is situated in a certain, limited region of space) and to transfer 
energy to it. This connection is expressed in Heisenberg 's uncertainty relation 



Ax'Ap>h 



where Ax is the uncertainty of spatial location and Ap the uncertainty of momentum 
(mass times velocity). If we try to localize the particle strongly, i.e. make Ax very 
small, then Ap will be, correspondingly, greater. The particle will not rest qiuetly 
when we keep it in a narrow cage, and therefore we have to perform work by 
narrowing its limits — a work that adds to the kinetic energy of the particle. This 
argument is also valid when there is no particle. For example there are no photons 
when all the oscillatory modes are in their ground-state. The zero-point-energy of the 
photon-field's ground state is, according to the previous derivation hclAL, i.e. it 
increases when we diminish L and the increase comes from the work we do by the 
compression. 



3. The Vacuum Press 

Let us perform a thought-experiment wherein we compress the vacuum by means of 
the apparatus shown in figure 1 . The cavity-length L is here the distance between the piston 
and the bottom of the box. 



Figure 1 



the vacuum press 



When we press down the piston we change the wavelength of the ground-mode and 
thereby increase the zero-point-energy. For sufficiently small values of I the zero-point-energy 
will be greater than the relativistic rest-energy mc 2 of a particle of mass m. This, however, is 
not sufficient to create the particle, because, if it emerges within the box it wil have a 
"localization-kinetic-energy" according to Heisenberg's uncertainty relation, and this energy 
increases faster (inversely proportional to L 2 ) when L decreases and therefore there will never 
be enough of zero-point-energy in the photon-field to create a particle with mass. If there are 
holes in the box potentially existing particles may escape and then have no localization-energy. 
There will then be enough of energy in the photon-field to create an electron when L becomes 
smaller than the Compton wavelength of the electron X c = fi /mc «3 TO' 13 m., where m ~ 910' 31 
kg is the mass of the electron. 

When we try to press the piston to the bottom various particles will sprout from the 
holes like seeds of an orange when L passes below their respective Compton wavelengths. 

The Compton wavelength puts a natural limit to how narrowly a particle may be 
localized. If we think of the particle as a small hard sphere, we can think of the Compton 
wavelength as the radius of the sphere. The radius of the electron is then ca 1000 times as 
small as the radius of a hydrogen atom and ca 2000 times as big as the radius of the atomic 
nucleus (the proton). In the Planck system of units (where ti=l and c=l) the radius of the 
particle is simply the reciprocal of its mass. A particle of one Planck-mass (a mini-black-hole) 
will have radius one Planck- length — the smallest distance that can be connected with classical 
conceptions of space-time. 

It may seem contradictory when we claim that the zero-point-energy cannot perform 
work but is yet able to produce particles. The explanation is, again, that the holes in the box, 
that allow the particles to escape also makes it possible for the zero-point-oscillation to yield, 
i.e. decrese its frequency and thereby its energy. Still, we maintain that the work comes from 
the compression of the piston and the zero-point mode is only an intermediate storage-medium 
for the energy. 

The most efficient method of compressing space consists in providing two massive 
particles with a high velocity in an accelerator and then arranging a collision between these 
particles. In CERN's (newly abolished) LEP (Large- Electron-Positron-Collider) the collision- 
energies reached about 100 GeV, and that is not quite sufficient to produce the currently most 



interesting particles (as the Higgs-boson)^. A new accelerator LHC (Large Hadron Collider) 
will, within a few years yield significantly higher collision energy by using, hadrons (like 
protons) that are about 200 times more massive than electrons (and thereby also more 
compressed beforehand). 



4. Renormalisation — just smart, or a bit too smart? 

The previous discussion of the vacuum press and the Casimir effect (the pressure on 
the piston) is incomplete, because it only takes into account the ground-mode of the photon- 
field. Naturally we must also regard the infinity of overtones, but that leads to the problem 
that the total zero-point-energy (and thereby also the pressure) becomes infinite. The zero- 
point energy of the nth mode is: 

E=V2hv n = hc-(n+\)/4L 

It is therefore clear that the complete zero-point-energy includes a factor that is the 
sum of all positive integers from 1 to oo, and this factor must, for a normal consideration, be 
infinitely great This we could, perhaps, learn to accept, for, as we have seen, the zero-point- 
energy cannot perform work, so we could disregard it as being non-energy. But it's not so 
easy. Every single mode gives rise to an upward-directed force on the piston that is K D - - 
dEJdL and the sum of all thes forces will contain the same infinite factor, such that the 
pressure (measurable) becomes infinite, which it clearly isn't in reality. 

Casimir' s calculations, as well as Spaarnay's experiment even show that the pressure 
is negative, i.e. the force on the piston is directed downwards. We are, therefore, forced to 
"explain away" or renormalize this infinity. A way to do this is by using a mathematical 
technique called analytic continuation. A very important function in Mathematics is Riemann 's 
xetafunction ftz) that is defined for complex numbers z=x+iv in the following way: 
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«=i n 



This definition is entirely clear for all z whose real part, x, is greater than 1 , because 
then the series converges to a finite value. However, the function has a unique analytical 
continuation to the whole complex plane, including negative real values of z, where the series 
is divergent. Formally, we can put z=-l, whereby the infinite sum becomes the previously 
mentioned sum of all positive integers, and we can assign it a value given by the analytical 
continuation of the zetafunction to z=-l. In this way we get at the renormalized value ^(-1) 



* } The most interesting particles are those predicted theoretically but not yet found with 
certainty experimentally. 



=-l/12 4 , i.e. not only have we transmutated the infinite factor to something finite we have 
even given it the correct sign! In a similar way we can "prove" other absurdities, e.g. that oo=- 
1/2, for if we put z=0 in the above formula we get a sum of infinitely many Is, i,e. qo, and 
the analytical continuation ^(0) has the value -1/2. 

SUch a mathematical renormalization-technique appears "a bit too smart" because it may lead 
to screaming absurdities, but the method should not be entirely rejected, as it is, in fact, 
applied and often leads to results that are completely correct. An example is the so called 
factorial function n!=l-2-2-*--n, i.e. the number of permutations of n objects, that is defined 
for positive integers n. An analytical continuation employing the so called Gammafunction 
allows us to define (-l/2!=V7i, a result that no mathematician or physicist will cast in doubt" 
. We shall not "throw out the baby with the bathing water" by prohibiting renormalization by 
analytical continuation, but still, I want to go through a physical argument of argumentation 
reflecting Casimir's calculation and, hopefylly, making it a little less suspect.1 shall give a 
short outline of the argument here, while the details can be found in the appendix. 

Hitherto, we have only considered the electromagnetic modes in the cavity below the 
piston in figure 1. This infinity of modes, all have wavelengths less than 1L. However, they 
exist also above the piston, where each of them gives rise to a downwardly directed force that 
precisely cancels the upwardly directed force from the corresponding mode below the piston. 
In this way we remove the infinity, so what is left? 

There are all the modes whose wavelength is greater than 2L, and these modes are 
only found above the piston. By adding the forces from these modes one finds that the 
resulting force on the piston is downwardly directed with the finite value 



K total =-hc/SL 2 
Curiously enough the previous "bit too smart" renormalization argument gives almost 
the same, viz. K toml ~hc/48L 2 , i.e. the correct sign and only a factor 6 smaller than the right 
numerical value. 

The Casimir "pressure" is thus a "suction" (because K total is negative) but it can only 
be felt when L is very small (of atomic size). If we accept that the vacuum is empty, so that 
the energy density is zero in the external vacuum above the piston, we can interpret the 
suction of the Casimir effect saying that the vacuum below the piston has negative energy 
density. It thus corresponds to so called exotic matter that is required to make worm holes in 
space-time to be used by time-travellers 5 . 



* } By combination with the previous "result" oo=-l/2 we have thus "proved" that ao!=-s/k, 
that the product of all positive integers from 1 tooo 

has the finite value V~7i(1.77), but then we seem to have renormalized ourselves entirely out 
of reality — all too smart!. 
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If the vacuum press in figure 1 shall be able to squeeze particles out of vacuum, the 
pressure must be positive. The calculation above, giving a negative pressure can therefore only 
be valid for distances L larger than the Compton wavelengths of the virtual particles. 



The reason why I've given a relatively lengthy discussion of vacuum is to avoid that 
the following enumeration of particles and their properties should be regarded as reduc- 
tionistic: We need a holistic conception: The whole is more than the sum of its parts — the 
elementary particles don't have properties that are independent of their context. A particle is 
afield-quantum and interacts with virtual fields in vacuum. We cannot calculate the properties 
of one single free particle, e.g. its mass, for its properties reflect the wild vacuum, although 
it is not quite as wild as certain "quantum holists" claim (infinite energy density, etc.) 



5. The mysterious number 3. 

In a popular "nature-historic" account of the elementary particles 6 the author seems 
puzzled about "two mysterious 3-numbers" that have emerged in later years in particle-physics: 

1) There are three generations of elementary particles, and 

2) The heavy nuclear particles — baryons (as the proton and the neutron) consist of three 
quarks. 

We can easily expand the list over the fundamental roles of the number 3: Space has three 
dimensions and three types of properties (chapter 1). There are three types of units (length, 
mass, and time) and three fundamental constants og nature ("h ,c, and G). The quarks have three 
"colours" (red, green, and blue) and strange electric charges that are not built of the electron's 
charge e as the quantum of charge, but of l/3e. 

Previously one got used to dichotomies, or two-partitions: There are Fermions (as 
electrons and quarks with half-integer spin, usually 1/2) and bosons with integer-spin (0 for 
n mesons, 1 for photons, and 2 for gravitons). There are particles and antiparticles, and there 
are positively and negatively charged particles with even or odd parity. These dichotomies can 
be understood from the concept of mirroring. The mirror-image of a particle with negative 
charge and even parity will be an antiparticle with positive charge and odd parity, but the 
newly discovered trichotomies are not connected to mirroring and therefore appear strange. I 
shall not attempt to seek a mathematical justification of the trichotomies but instead take 
departure from a philosophy that is built on trichotomies and thereby make the "mysterious" 
number 3 s appear as something natural and inevitable, namely Peirce 's Semiotic. 



6. Semiotics of the particle-concept 

A previous article by the author 7 explained how Peirce' s triadic doctrine of categories 
implies that signs can be divided in classes that can be put up in triangular schemes. 



On the most elementary level of description a sign is something that mediates between 
an object and an interpretant, schematically I — O where the line stands for the sign-vehicle 
— a physical signal or link between O and I. By using Peirce's categories we can distinguish 
between three types of links or mediating processes: 

1 : A potential link that only exists as a possibility. The sign is then called an icon. 

2: An actual link from an existing object is an index. 

3: A general link referring to a general class of objects defines a symbol. 
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Figure 2 Sign classes for the 1-link relation 



On the next level of description the sign-vehicle, or the Representamen R is 
objectified and gets two links to O and I after the scheme I — R — O. These two links represent 
the elementary quantum processes Preparation (R — O) and detection (I — R) and each of them 
can be classified by the three categories, though only such that the category of the detection- 
link cannot exceed that of the preparation-link. In this way we arrive at the six quantum- 
semiotic sign classes shown in figure 3: 
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Figure 3 The 6 quantum-semiotic sign classes for the two-link relation! — R- 



r-o. 



As the interpretant I is to be regarded as a sign-vehicle (representamen for a new 
interpretant J, we are lead on to consider a three-link relation J — I — R — O consisting of the 
two two-link relationsl:I — R — O, and 2: J — I — R, where we see that the I of the first relation 
appears as representamen in the second relation, and R in the first relation appears as object 
in the second relation. When we, as before assign the links categories that cannot increase 
when we move left in the diagram we find Peirce's 10 classes of signs (CP2.256) arranged in 
a Pythagorean Tetraktys (figure 4) 

(333) 

argument 
(233) (133) 

dicisign rheme 

(223) (123) (113) 

(222) (122) (112) (111) 

figure 4 the 10 sign classes for the three-link-relation. The 6 classes from 
figure 3 are the ones, that have 1 in the first place: (1 1 1)-(133). 

We shall mainly employ the 6 quantum-semiotic sign-classes on figure 3. A particle 
is a quantum of a field and therefore has two "handles" or links corresponding to the two 
fundamental quantum processes preparation and detection. 
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There is a clear line of development in the scheme of figure 3, starting with the 
qualisign 11 and continuing with successive actualizations of potential links (1 to 2) and 
generalizations of actual links (2 to 3) without skipping any intermediate stages on the way 
to the symbol 33. 1 shall briefly sketch a "nature-historic" interpretation of the sign classes in 
the right order with hints to particle physics. 

11-the qualisign is the empty space, only containing virtual fields and particles, like 
the electromagnetic modes, that can be occupied by photons, but otherwise are in the 
ground state. 

12-the hypoicon can be thought of as a superstring — en string i vacuum 8 , having 
certain field-and particle-properties, reflecting how the string is wound up in other 
dimensions than the one it is stretching in, The theory of superstrings operates with 
8 hidden spatial dimensions and is supersymmetrical with regard to Fermion- or Boson- 
properties of the strings. 

22- sub-index: the string closes upon itself to a ring with area. 

13-icon: the ring moves in space and thereby establishes a three-dimensional 
container-like region. Thus appears the three-dimensional continuum of quality that 
is the premiss for a sign to refer to an object by likeness as an icon does. If the ring 
is creased thre will be bumps in the container, corresponding to a non-euclidean 
metric that reflects gravitation. 

23-index: The iconic particle may collide with another and produce a lot of 
unspecified particles through the action of the vacuum press. This is indexical 
semiosis, not yet generalized to lawlike behavior. 

33-symbol: As we learn about the properties of particles we become able to predict 
results of collisions between known particles and interpret their traces. On this stage 
both preparation and detection are generalized and we have reached the symbolic 
level of description. 
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This account of the evolution of signs is inspired bu Edwina Taborsky 9 ) 

7.Contents of the botany-box. 

When you go out to botanize, identifying the names of flowers in a Flora there are 
certain concepts you need in your head and certain tools to keep in your box, besides the flora 
and the lunch-packet, e.g. a magnifying glass for counting petals and stamens. Similarly, the 
elementary particles are classified by their internal properties and their interactions with other 
particles and fields. 

The internal properties are spin, mass, and charge. 

The interactions are strong, electromagnetic, weak, and gravitational, here listed after 
decreasing strength. 

All particles, also the massless, as the photon, interact gravitationally. This universal 
force is described in Einstein's General Theory of Relativity, but because it is so weak and 
hitherto has evaded a quantum mechanical treatment it has mostly been ignored by elementary 
particle- (or high energy-) physics. It is known, though, that the field quantum of gravitation, 
the graviton is massles and has spin 2. 



All charged particles (including quarks and "heavy leptons") interact electromagneti- 
cally. The strength of this interaction is determined by the electron's charge e which was long 
believed to be the universal quantum of charge, until it was discovered that the charges of 
quarks are 2/3 or -1/3 e. 

All hadrons (quarks) and baryons (nuclear particles consisting of three quarks) interact 
strongly and weakly. The strong interaction was earlier described as mediated by medium- 
heavy bosons, called mesons (tc and K), but now we have learned that mesons too are 
compounds (by a quark and an antiquark). So what is left of the strong interaction is the force 
between quarks, whose field-quanta are called gluons (8 kinds with spin 1) 
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Quarks and leptons interact with each other through the weak interaction whose mediating 
field quanta are the intermediate vector-bosons (3 kinds with spin 1). The uncharged light 
leptons, the neutrinos only interact weakly (and gravitationally). 

After this short account of interactions now follows a survey of the most important 
internal properties of the particles: 

The (rest-) mass m and the Energy E are connected through Einstein's relation 
(hvile)massen m og energien E er forbundne med Einsteins relation 

E = mc 2 

In the Planck system of units, where c=\ they are identical. The most commonly used unit for 
this quantity is the electronvolt eV, that is the energy an electron gets by accelerating through 
a voltage-drop of 1 volt (1 eV = 1.6* 10' 19 J). Besides, we have the multiple units keV 
(kilo=1000), MeF(Mega = 10 6 ) and GeF(Giga = 10 9 ). The electron's mass is ca 500 keV = 
Vi MeV, corresponding to m=9.T10" 31 kg. The photon and the graviton are massless and can 
therefore only move with the velocity of light. Earlier it was believed that also the neutrinos 
are massless (they were observed almost simultaneously with the light from the supernova in 
the big Magellanic Cloud in 1987), but recent experiments in Japan have shown that at least 
one of the three neutrinos has a mass about lOeF about one hundredthousandth of the 
electron-mass. As a rule of thumb one may assume that the greater mass, the later is the 
discovery of the particle, because the accessible accelerator-energies have increased gradually 
from the keV to the GeV-rmge. 

Spin is an internal angular momentum (length times momentum) and is quantized in 
units of ti . Earlier it was believed that particles are small hard spheres and that the spin 
expressed the sphere's rotation about its own axis, but it has turned out that only integral spin- 
values can be interpreted in this way. Now we will say that spin is concerned with how the 
symbolic representation of the field is changed by a rotation of the coordinate-system used in 
the description. Spin can be integral or half-integral as the particles are, respectively bosons 
or fermions. Fermions are exclusive; there can only be one fermion of a given type in a given 
quantum-state. Bosons, on the contrary, are "social". They are prone to go together in the same 
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state and form a condensate as known from superfluid systems and laser-light (a condensate 
of photons). The exclusivity of fermions makes it tempting to regard them as the most evident 
fundamental bricks in an atomic description of matter. Boson-condensates are more apt for 
describing classical fields. Every fermion has an anti-particle that is different from itself, 
wfereas a boson's anti-particle often (not always) is the same particle. The theory of 
superstrings (ref. 8) — the newest candidate for a unifying theory of particles and fields is 
supersymmetrical (hence the name), i.e. it postulates that every boson has a fermion-partner, 
and vice versa. The photon's supersymmetric partner is called ihephotino it has not yet been 
seen. 

Spin l A particles (like quarks and leptons can have the spin pointing, either forwards 
or backwards in the direction of movement. This means that they possess parity or helicity, 
i.e. they are different from their mirror images. Neutrinos are lefthanded (spin against 
movement), and antineutrinos are righthanded. 

An important theoretical result , the CPT-theorem establishes that the theory must be 
invariant for the combination of three mirror-operations C, P, and T, i.e. changes of sign for, 
rewspectively charge (Q, parity (P), and the direction of time (7). 



8. Semiotic classification of elementary particles. 

We must distinguish between proper elementary particles and compound particles that 
are built of elementary particles. Elementary particles are, for historical reasons, divided in 
three generations, 1, 2, and 3, whose order corresponds to the order of their discovery, which 
is connected with the circumstance that the mass (and thereby the necessary accelerator-energy 
for the production of then) increases from generation 1 to generation 3. 

Each generation consists of two leptons and two quarks. So, altogether we have 6 
leptons and 6 quarks, which makes it tempting to place them in the semiotic classification with 
6 sign-classes in figure 3. All these 12 particles are spin Vi fermions, each having their own 
anti-particle. So, there are really 24 different particles, but in the following we shall disregard 
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the anti-particles. I cannot, at present, give a proper semiotic reason for the placing of every 
single particle in the scheme, so I'll just use a heuristic rule that uses the evolutionary 
sequence of the 6 sign-classes and assume that this order reflects an increasing mass of the 
particles. Thus, we get the schematic placement of the 6 leptons: 



H e 

V v v 

v t v n v e 

figure 5: the leptons 

Generation 1 consists of the electron e and its neutrino v e . 
Generation 2 consists of the muon \i og its neutrino v M . 
Generation 3 consists of the tauon x and its neutrino v T 

The three "ons" all have the same (negative) charge as the electron -e, while the 
neutrinos are uncharged. As mentioned it is now shown that at least one of the neutrinos has 
a restmass about 10 eV, which doesn't give a clue for ordering after increasing mass, so I've 
just assumed that their mass increases from generation 1 to generation 3 and ordered them 
accordingly in the lowest row of the scheme. 

considering now the quarks that are charged spin Vi fermions, we have the following 
distribution on the generations: For each of the 6 quarks is noted its mass, measured in MeV. 
Their charges are given in the left column: 

generation 1 generation 2 generation 3 

+2/3e: u (up) (5) c (charm) (350) t (top) (>80) 

-l/3e: d (down) (9) s (strange) (160) b (bottom) (4800) 

Figure 6 the three generations of quarks. 
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We note that for both leptons and quarks the charge-difference between the two 
particles in a generation is always one electron-charge. 

The placement of quarks in the semiotic scheme then looks like this: 



b c 

s d u 

figure 7: the quarks. 

The top-quark t is here placed highest in the scheme, because it is the latest 
discovered, although its mass is not known very precisely. 

As earlier mentioned the quarks participate, both in the strong, the electromagnetic, 
and the weak interactions. Weak interactions are mediated by a vector-field analogous to the 
electromagnetic, whose quanta are spin- 1 -bosons, as the photon. However, they are not 
massless as the photon, but, on the contrary, very heavy (90-100 GeV), which has been 
difficult to understand, but is now explained by assuming that they interact with an uncharged,- 
spin field (a condensate) of so called Higgs-bosons, that are not yet seen with certainty in 
experiments. 

The weak interactions make it possible that the heavy quarks may decay to the lighter, 
e.g. the process 

d — >u+W will be possible, when W has a single negative charge -e like the electron. 
Correspondingly, we have the process 

c — >d+W + where the positive W* is the anti-particle to W". Finally we have the possibility 
s — >d+Z where Z is uncharged, as s and d both have the charge -1/3 e. All these three 
vector-bosons are discovered at CERN. Because Z is the heaviest of the three, the s-decay 
runs slower than the d- and c-decays. 



9. Compound particles. 
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The greatest merit of the quark-theory is that it can explain the properties of the 

heavy fermions the baryons and the intermediately heavy bosons — the mesons. Earlier 

it was believed that mesons (especially ihepions n + , n, and 7t°) were elemintary quanta of the 
field that mediates the strong interactions between baryons, but now we know that all these 
particles are compounds: 

A baryon (spin Vi or 3/2) consists of three quarks 

A meson (spin or 1) consists of a quark and an anti-quark. 

Both quarks and anti-quarks have spin Vi, so a meson may have spin or spin 1. 

Traditionally known strong interactions, mediated by rr-mesons involve only 
generation 1 quarks u and d. For spin mesons we then have the three possibilities (anti- 
quarks are denoted with a stroke above the quark-symbol): (u,d)=7t + , (d,u)=7c"' and n° or rj= 
or (djd)**, i.e. two charged and two uncharged particles The diagrams show immediately that 
n + and 7i" are each other's anti-particles, while tc (og r\) are its own anti-particle. 

Spin 1 mesons are very unstable and decay rapidly to spin mesons. This family 
contains, besides rc-mesons, also combinations that contain s quarks, namely the K-mesons 
(kaons) 

K + =( u >s), K-(s,u), and K°=(s,d). It is seen that K + and K" are each other's antiparticles, 
while K° is different from anti-K . 

For baryons it is valid, as mentioned, that each of them consists of three quarks and, 
thus, may have spin Vi or 3/2. For spin 3/2 baryons all combinations of the three lightast 
quarks (u,d, and s) are possible. We may then assign the three quarks the Peircean categories: 
u=l, d=2, and s=3 and apply the scheme of 3 -link sign-relations (figure 4) to the following 
figure 8: 



* } The two uncharged particles tc and rj are both quantum mechanical mixtures 
(superpositions) _ 

of (u,u) and the heavier (dd). 
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figure 8 the spin-3/2 baryon-decuplet. 

This figure is called the spin 3/2 decuplet (because it contains 10 particles) is one of 
the quark-theory's great successes, because it predicts the existence of a hitherto unknown 
particle, the topmost in the scheme, (sss), called the Q'-particle. It carries a negative unit of 
charge, (as s has the charge -1/3) and is rather stable (long-living) because it only decays via 
the weak interaction with the heavy Z° particle. 

Spin Vi baryons cannot contain three identical quarks. This rule is coming from 
Pauli's exclusion principle, that forbids two fermions to occupy the same quantum state. Using 
again figure 4 (or 8) as our starting point we have to omit the three corners of the triangle, 
so there are only 7 spin Vi baryons, of which the most important is the proton (uud) (charge 
+e) and the neutron (udd) (charge 0). Spin 3/2 baryons (except Q") decay rapidly to spin l A 
baryons via the strong interactions. 

It was a great obstacle for the early quark-theory, that one never sees a single (free) 
quark. It seems that they only exist three or two at a time, confined in the prison of baryons 
or mesons. In order to explain why the 3 always were together it was invented to assign them 
a colour or colour-charge, r,g, or b (red,green, or blue). The ruke then is, that only "white" 
particles can appear as free, namely the baryons (rgb) or the mesons (colour+complementary 
colour, e.g. blue+yellow). In the modern theory of strong interactions, called quantum-chromo- 
dynamics (due to the colours) it is assumed that thew quarks attract each other with forces that 
are weak at short distances, but strong at large distances. These forces, that "glue" the quarks 
together in "white" bundles are mediated by field-quanta that are called gluons, yhat like 
photons are massless spin- 1 -particles. As a force between two quarks act between 3-3 colour- 
combinations, one should think there would be 9 different gluons, but it turns out that the 
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photon is hiding among these combinations, so there are only 8 gluons. With the high 
accelerator-energies that are available today, it is possible to tear quarks out from baryons and 
mesons. They are then seen as "jets", i.e. long stripes, consisting of quarks, anti-quarks, gluons 
and a lot of other particles, that are created when one with brutal force tear the quarks loose 
from their attraction. 



10. Conclusion. 

The particles that are here classified by means of semiotic schemes are all described 
in the so called standard model of elementary particles, we have looked at 63 particles(24 
leptons and quarks with anti-particles, 10 spin 3/2 baryons, 7 spin Vi baryons, 4 spin mesons, 
6 spin 1 mesons, 3 vector bosons, 8 gluons, and 1 Higgs boson). The Higgs-boson is, as 
mentioned, not yet found with certainty, and that is regarded as a problem for the standard 
model, because it plays an important role for the understanding why certain particles (as 
vector-bosons) have mass. The theory indicates, that the Higgs-boson is related to the heavy 
b-quark and therefore only is produced at very high energies (over 100 GeV). 

The semiotic approach is a schematization, not a physical theory, like the standard 
model, that has its own difficulties to fight against, notably the lack of supersymmetry. 
Superstring theory solves this problem and also includes gravitation, which the standard model 
has avoided. But, probably, there will still be some use for a "nature-historic" account, as the 
semiotic, that "steal around" the heavy mathematical apparatus, that the theories require. 
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Appendix 

Casimir-renormalization 

As we have seen, a cavity between two plates separated by a distance L may contain 
an infinity of standing waves whose wavelengths are all smaller than 2L. The zero point 
energy of these modes would give rise to an infinite positive (upwards directed) force on the 
upper plate if it wasn't for the fact that the same modes exist above the plate and each of the 
modes above provide a negative, downwards directed force that precisely cancels the force 
from below. There are still modes above the plate, not yet taken into account, namely all the 
modes with wavelengths greater than 2L. So, let us imagine a second plate with a distance U 
from the first plate. The nth mode in the cavity between L and U wil have the wavelength 

x _ 2(L'-L) 
n 

the frequency of this mode is 

c en 

v = 



K 2{L'-L) 



and its zero-point energy is 



V2 hv 



hen 



4(L'-L) 



which gives rise to the force 



K = -—1 = - hcn 



dL 4(L'-Lf 

The force of the mode as a function of its wavelength X is then 



21 

he 
K(k) = — 

2(L'-L)X 

In order to sum all these forces we have to find the density of modes. First, the 
number of modes dn in the frequency-interval dv is 

dn = 2(1 ' -L) 
dv c 

So, the number of modes per wavelength interval is 

■ dn , dn, dv, = 2(L'-L) 
~dX dv'dX ¥~ 

The total force from all the modes with wavelengths greater than 2L can the be 
calculated as 



v 

K total = fm) — dX 



[^ % 



with the result 



total ~ ~w ( u 



It is seen that the total force is downwards (negative) when L<L '/2, and in the limit, 
when the external cut-off, L' goes to infinity we get the earlier quoted renormalized result 

K = - hc 
81 2 
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Abstract 

This paper gives a brief introduction to the Energy Bond 
Graph (EBG) formalism — A modelling technique originally 
intended for Engineering and Ecological Energetics. The 
formalism is a shape-value notation built on C. S. Peirce's 
phenomenology and semiotics . Besides being a didactical 
tool for teaching physics to experienced students the 
formalism has proved valuable in connection with both the 
experimental and the theoretical physics research conducted 
at IMFUFA during the last 25 years. 

The front page illustration shows the EBG formulation of 
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1. Scope of the formalism 

An Energy Bond Graph (EBG) is a comprehensive diagrammatic 
representation of all the relations that constitute a dynamical system. As such, it 
is a mathematical model, but not just mathematical. The EBG formalism requires 
a total reduction to physical standard relations that exist both as hardware and 
as software. It thus resembles a program or a wiring diagram for an analog 
computer representing both a set of equations and a construction-recipe for a real 
system that acts out the equations. EBG modelling is a "glass- bead-game" — a 
"fundamentalist" way of doing physics (proceeding from real fundamentals), like 
Peirce's Existential Graphs are to logic. Peirce said in his second Lowell Lecture 
from 1903 that he had spent forty years of his life developing the existential 
graphs and he described its purpose in the following way that may just as well 
serve as an introduction to the EBG-formalism: 

"Before beginning, let us distinctly recognize the purpose which this 
system of expression is designed to fulfil. It is intended to enable us to 
separate reasoning into its smallest steps so that each one may be 
examined by itself. Observe, then, that it is not the purpose of this system 
of expression to facilitate reasoning and to enable one to reach his 
conclusion in the speediest manner. Were that our object, we should seek 
a system of expression which should reduce many steps to one; while our 
object is to subdivide one step into as many as possible. Our system is 
intended to facilitate the study of reasoning but not to facilitate reasoning 
itself. Its character is quite contrary to that purpose." 
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The EBG-technique is not an easy way to mathematical models in 
physics, because it forces the user through an initial phase of semiotic reflections 
on categorization of variables, etc. This initial work, however, will lead to 
insights that are not easily gathered from more direct modelling techniques. 



2. Classification of dynamic variables. 

There are four kinds of dynamic variables in the EBG-formalism, and 
these are conveniently displayed in a Greimasian semiotic square. This 
method needs two pairs of binary opposites. The two members of a pair 
of opposites are placed diagonally against each other in the corners of a 
square, and then the four sides of the square identify the possibilities. 

The two pairs of opposites are: 

1: Level/rate, where the level-variables are accumulated, i.e. they can 

only change by time-integration of associated rates, whereas the rates 

may change abruptly. . 

2: directed (x)Aindirected (o). Directed variables have direction both in 

space and time, i.e. they require a spatial orientation-convention and they 

change sign by time-reversal. Thus, we get the semiotic square of figure 

1: 



Level 



directed ( x) 



displacement q 



momentum p 



effort e 



flow f 



undirected(O) Rate 

figure 1 Semiotic square of dynamic variables. 



In EBG diagrams the levels are associated with "bird-house" storage 
icons (inspired by H.T. Odum) 1 marked x for kinetic energy and o for 
potential energy, while the rates are marked on the line-icon of an 
energy-bond with an arrow for the directed flow and a stroke for the 
undirected effort. The consideration that efforts (forces) are undirected 
reflects a deep law of classical mechanics, namely Newton's law of 
action and reaction. 

Figure 2 below shows how the same system — a harmonic oscillator — 
is depicted by the present author (a) and with the more austere drawing 
style of the EBG-formalism's inventor H.M. Paynter (b). 2 



ID tT) 

L C 



L C 

b 



figure 2 Harmonic oscillator 



3. Shape-value-notations 

The difference between the two diagrams in figure 2 illustrates the 
concept of a shape-value notation (a) where the shape of the icons is 
chosen such as to convey an idea of their value or function and a 
symbolic notation where symbols like digits or letters are used to replace 
proper icons (b). 

The present formulation was inspired by Odum's shape-value-notation for 
Ecological Energetics ', but it was felt that the lack of physical precision 
in Odum's definitions of his icons could be remedied by using Paynter's 
bond-graphs 2 . However, Paynter did not attempt to create suitable 
shapes for his icons and reverted to a symbolic notation, which lead to 
some ambiguities. By using, e.g., the letter T as an icon for a transfor- 
mer/transducer one misses the fact that a proper definition of the 



parameter of the object requires a destinction between its primary and its 
secondary port, and this distinction cannot be brought out by a symmetric 
shape like T, but only by an asymmetric icon (except in special cases), 
like the triangular shape in figure 6. 

Some icons have associated parameters, denoted by symbols. The shape- 
value notation demands that the meaning of these symbols shall be 
uniquely defined by the shape of the icon. This demand means that it is 
sometimes necessary to have two different icons for the same physical 
function, as with the gyrators and the sinks shown in figure 6. 

Attempts to create shape-value-notations for mathematics and logic have 
been studiously ignored by mathematicians, who for the last hundred 
years have preferred to continue in the trend laid out by Hilbert's 
shapeless axiomatization of Geometry. Thus was neglected Peirce's 
construction of a shape-value-notation for the sixteen binary logical 
cannectives 3 Peirce's notation was rediscovered by Shea Zellweger who 
has now developed it further to a complete "logic alphabet" thereby 
stressing the merits of shape-value notations for educational purposes 4 
Peirce's early version of his existential graphs (the alpha graphs) was also 
a shape-value notation of logic and a precursor of Spencer-Brown's 
"Laws of Form" from 1969. 5 

By developing the EBG-formalism as a shape-value notation the present 
author hopes to have helped strengthening an important historical strain 
that may prove valuable to Physics and Biosemiotics. 



4. Basic response properties. 

In a response experiment we act on a system through an energy bond, 
which, as we have seen, contain four variables, q,f,e, and p. These four 
variables are not independent, because the levels q and p are time- 
integrals of the rates f and e. In the experiment we leave the system 
undisturbed from time -qo to time 0. Then we choose one of the four 
variables as stimulus s and let it have a constant value from time to oo. 
As there are two causal groups of independent variables we can choose 
s from one group (e.g. (f,q)) and then observe the response r(t) as one of 
the variables from the other group (e,p). In the response-matrix shown in 
figure 2 there are thus two windows of possible response-properties, each 
containing four functions, but it can be shown that for time-homogeneous 



systems where the result does not depend on which instant we choose as 
time 0, two of the four functions in each window will be identical. Any 
physical system therefore has six different response-properties. 
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figure 3. the matrix of response-func- 
tions. 



Response-semantics, i.e. the choice of proper nouns to denote the 
response-properties may then proceed from the response-semiotics of 
figure 3. In the following table we have combined usually used nouns 
with the six two-link Peircean sign classes: Read, e.g. (23) as "second of 
third". 

Rigidity or elastic modulus. 
Impedance or resistance, 
Inertance or Inductance. 
Lightness or Susceptibility. 
Conductance or Mobility. 
Compliance or Capacitance. 

We have here defined the response-functions as functions of time from 
to oo, but by Laplace-Stieltjes-transformations they are defined as 
functions of a complex frequency s=-ico. These complex functions are 
usually just called generalized susceptibilities. 

However, there are many advantages in distinguishing the different 
functions by different names because they are mathematically related by 
time-integration: G integrates to Z, Z integrates to M, and similarly for 
the set F,Y,J. In the frequency- (s-) domain time integration corresponds 
to division by s. Thus, by this semiotic/semantic approach it becomes 



(11) 


G: 


(12) 


Z: 


(22) 


M: 


(13) 


F: 


(23) 


Y: 


(33) 


J: 



possible to identify and name a response-property after a quick glance at 
the oscilloscope. And a careful distinguishing by names serves to develop 
the somewhat mysterious ability called "physical intuition". 

5. the energy bond, causality and orientation. 

the most basic icon of the EBG-formalism — the energy bond — is drawn 
as a simple line. It denotes an energetic interaction between two system- 
components. The interaction is mediated by the two rate- variables that 
belong to the bond: the directedj7ow,f, indexed as an arrow and the 
undirected effort, e, indexed as a stroke. If system A acts on system B 
with an effort, then system B acts back on system A with a flow. This 
causality is then indicated by placing the effort-index closest to B and the 
flow-index closest to A. By using an arrow as the flow-index we are 
forced to choose an orientation of the bond. Every bond may have either 
orientation, but when we want to view the same physical situation with 
the opposite orientation, we have to change the sign of the symbolic 
expression for the flow (f changes to -f). The interaction between A and 
B described above can thus be depicted in the two ways shown in figure 
4: 



A 



l._ I 



A 



-f 



Figure 4 Interaction and orientation. 



It must be stressed that the causality of an energy bond is not just a 
formal consideration made necessary by the algorithmic ordering. There 
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exists a precise measurement prescription to decide the causal order of 
the rate-variables for each bond, based on the analysis of transients or 
noise. 



Every energetic interaction is associated with a flow of energy. The 
energy flow in the direction of the orientation of the bond is the product 
of effort and flow. 

In general effort and flow are defined as vectors in a complex metric 
space of arbitrary dimensionality. The energy flow is then defined as the 
scalar product of the effort- and the flow-vector. This generalization, 
however leads to the complication that the vectors must be represented 
as either covariant or contravariant. The flow-orientation rule shown in 
figure 4 then has to be modified such that the change of orientation is 
associated with a shift of variance of both the effort- and the flow-vector. 
By adopting the further rule that the same physical situation may be 
described with either variance of the effort (but not of the flow), the 
formalism becomes able to treat vectors of mixed kinds where some of 
the effort-components are flows and the corresponding flow-components 
are efforts. This feature allows for a very general treatment of response- 
experiments, where, e.g. the celebrated Onsager symmetry relations 
becomes a theorem of the EBG-formalism. 

The general vector-formulation also demands that each bond is associa- 
ted with a metric tensor that relates the covariant to the contravariant 
vectors. A unit metrical tensor is represented as a matrix with Is in the 
diagonal and Os outside. This is Euclidean metric. When coordinate 
vectors are defined by three spatial coordinates and one time-coordinate 
the flow-vector's first three components will be flows and the fourth will 
be an effort. This corresponds to a metric tensor with Is in the three first 
places of the diagonal and -1 in the fourth place — the Minkowsky-metric. 
The group of metric-preserving transformations for this metric are the 
Lorentz-transformations, and the whole formalism of special relativity 
follows from this. Likewise, by adopting the general tensor-formulation 
ofRiemannian metric spaces the theory of general relativity also follows 
from the EBG-formalism. 



6. Definitions of basic icons 

EBG-modelling always proceeds through three semiotic stages: from 
icons through indices to symbols. Each icon denotes a basic physical 
relation between the input and output variables of the associated bonds 
(the ports) When indices — flow-arrows and effort-strokes are marked on 
the bonds, symbolic expressions for these variables are written near the 
indices, whereby the meaning of the symbols and the function of the icon 
is defined. Note that nearness is itself an indexical element inherent in 
the meaning of the symbols. Symbols near the icons are also used for 
defining certain parameters of the icons (like storage-capacity and 
transformer-ratio). 

The basic icons are clearly divided in three classes corresponding to 
Peirce's three phenomenological categories: 

1: Active systems (sources of flow or effort) have an output-variable 
that is independent of the input-variable. 

2: Passive or reactive systems have an output that is determined by 
the present or the previous values of the input. 

3: Dissipative systems (the sinks) mediate between active and 
passive behaviour. Their response is mainly passive, like the voltage over 
a resistor, given by Ohm's law, but the passive response is superposed 
with an active component — the noise — that depends both on the sink- 
parameter and the temperature. 
In figure 5 we show definitions of the active and the reactive systems. 
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- q/C 



figure 5 active (sources) and reactive 
systems (storage) 



Figure 6 shows the sinks and two passive 2-ports, transducer/transformer 
and gyraton The definition does not distinguish between transducer and 
transformer, but the name "transducer is used when the parameter t has 
a physical dimension, whereas transformers are dimensionless. Transfor- 
mers and gyrators are very different although they. look similar.. The 
parameters t and g may be given as level-variables elsewhere in the 
system, but then t must be an undirected level, whereas g must be 
directed. Such parametric feedback is useful for modelling nonlinearities. 
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fugure 6 Passive 2-ports and sinks (n 
denotes noise). 



Finally, figure 7 shows the junctions as 3-ports, thus representing the 
only triadic relations of the formalism. The junctions are topological 
constraints corresponding to Kirchhoff s two laws of electrical networks. 
The o-junction corresponds to a node in the network (parallel connection) 
and the x-junction to a mesh (series connection). The similarities between 
o- and x-junction reflect the nearly dual symmetry between efforts and 
flows, but the dual symmetry is broken by the fact that flows are 
directed, while efforts are not, and this leads to subtle differences 
between the junctions, which, however, we shall not discuss here. 
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figure 7 The junctions. 

7. Beyond laws of nature 

A strange consequence of the EBG-game is that what we usually regard 
as laws of nature seem to vanish out of scope. Instead we have the rules 
of the game, which ensure that the laws of nature are obeyed. The 
vanishing of laws is thus a result of mathematization and semiotization. 
Similarly, in elementary physics the pupils learn the law of nature that 
forces are combined by the construction known as the parallelogram of 
forces, but in more advanced teaching they are just taught that forces are 
vectors, so the former law of nature becomes the rule for adding vectors. 

We have seen that Newton's law of action and reaction hides within the 
rule that efforts are undirected or the flow-orientation rule of figure 4. 
Similarly, we can find Newton's second law of motion (force equals 
mass times acceleration) in the definition of the x-storage icon of figure 
5, where m is the mass, p the momentum, e the force, and f the velocity 
(p/m). It was also mentioned that Onsager's symmetry- or reciprocity- 
relations is a theorem of the EBG-formalism. It is therefore not necessary 
for users of the formalism to know this as a law of nature, because it is 
automatically satisfied by all EBG-models that are made according to the 
rules. 

Certain combinations of icons are not allowed, because they lead to 
causal conflicts. It is absolutely forbidden to connect two effort-sources 
directly or through a transformer. The sources are absolutely rigid in their 
causality, while other systems may be forced to yield. By connecting an 
effort source to a o-storage a mild conflict arises where the storage 
element is forced to give in and accept "differential causality". In this 
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way we are allowed to ascribe a conductivity to an electric, capacitor C, 
but the conflict still shows itself in the fact that the frequency-dependent 
conductivity Cs goes to infinity for large frequencies, which means that 
the causality will break down if the effort of the source changes very 
rapidly. Causal conflicts may often be resolved by introducing extra 
sinks. This happens, e.g. when a car tries to accelerate too fast; the 
wheels will slide on the road — a sink has appeared to represent the 
friction between wheel and road. In the traditional way of describing 
physical systems — by equations — there is no formal treatment of 
causality, so the concept of causal conflict does not exist, but in reality 
it plays an important role, especially when systems break down. 

Many laws of nature are formulated as partial differential equations, e.g. 
the diffusion- and wave-equations, Maxwell's electromagnetic equations, and the 
Schrodinger equation. Such equations are in EBG diagrams shown by combining 
icons, each representing an infinitesimal section of space in structures that are 
repeated in three dimensional space like the atoms in a crystal. As an example 
of this figure 8 shows the unit cell for representing Maxwell's equations in 
vacuum. Not shown in the diagram are storage elements connected to the 
junctions: x-storage to x-junctions representing the magnetic induction-vector B, 
and o-storage to o-junctions representing the electric displacement-vector D. The 
electric field E and the magnetic field H are represented, respectively, as the 
efforts and the flows in the bonds. 
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Figure 8 Unit cell for Maxwell's equations. 



As mentioned, the sinks are sources of noise. This important insight 
follows from the Fluctuation-Dissipation Theorem by Callen and Welton 
(1951) 6 . As shown in figure 9 and the associated formula the complete 
complex impedance function Z(a), (<s)=is) may be spectrally resolved on 
the response-functions of harmonic oscillators. The real, or dissipative 
part of the impedance R(o) ") is proportional to the density of oscillators 
on the real axis of their resonance frequencies a)'. The spectral resolution 
formula is then valid when cj has a positive imaginary part. This formula 
is translated to icons in the figure and gives justification for the choice 
of the sink-icon. The noise is simply the output from all these un- 
correlated oscillators in thermal equilibrium with the temperature T. For 
an ohmic resistance the oscillator-frequencies will be equally distributed 
over the real axis, and the noise-spectrum will be white. 
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figure 9 Spectral resolution of a 
sink 



For a frequency-independent resistance R the prescription of the FD- 
theorem is simply that for each step dt of the numerical integration one 
has to add the effort-noise 

n= N(V(2M7M)) 

to the passive response of the sink. Here N(x) is a normally distributed 
random number with mean value and standard deviation x. k is 
Boltzmann's constant, and T the absolute temperature. The formula is 
valid in the classical limit, when dt»t: AT. 

It is noteworthy that the noise diverges to infinity when the steplength dt 
goes to zero. The noise is, as Peirce said, 

"infinite in the here-and-nowness of immediate sensation, finite and 
relative in the recency of the past". (CP 6.135). 

Every EBG-model containing dissipative elements thus becomes 
"animated with noise". It is easy to show that the level-variables of the 
system in this way get the exact fluctuation-moments that are prescribed 
by Statistical Mechanics, which in this way also becomes a result of the 
EBG-formalism. 

The above expression for the effort-noise n demands that the sink- 
parameter R be positive. This is a further axiom of the formalism and it 
has the result that the energy flow to a sink, Rf is always positive, thus 
ensuring that the laws of thermodynamics are always obeyed by EBG- 
models. 
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8. Completeness of the formalism 

Within Physics and Engineering the EBG-formalism seems to be 
complete. Although new icons can be freely invented and added to the 
basic icons it seems always possible to make a full reticulation, i.e. to 
reduce these new functions to the basic icons. In practice it is easier to 
use a combination of basic and composite icons. The icons used by the 
author, shown in figure 10, are defined once and for all in an object- 
oriented drawing program (DrawPerfect 1.1) 
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figure 10 Iconic objects of the 
EBG-formalism 



A full proof of completeness is difficult to find (if not impos- 
sible), but many special cases have been considered 7 and al- 
gorithmic prescriptions for their translation to the EBG language 
have been found, of which I shall just mention a few: 



1 Chemical reactions forwards and backwards were first described by a 
reaction-icon based on H.T. Odum's work-gate-icon, but it was later 
shown that the reaction-icon can be reticulated by sinks and gyrators. In 
this way it is possible to make EBG-descriptions of large biochemical 
reaction-networks, like photosynthesis. 
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2 Topology of electrical and rheological networks are easily translated to 
EBG diagrams of junctions. It turns out, however, that the x-junction is 
a series connection in electricity but a parallel connection in rheology 
(and vice versa for the o-junction). 

3 Linear response can be reduced to electrical networks 8 , and from there 
to EBG models. So in this case a full proof of completeness exists. On 
the other hand it is not always possible to translate EBG diagrams to 
electrical networks. (It may lead to short-circuits if one tries). 

4 All systems that can be described with the Lagrangian and Hamiltonian 
methods of classical analytical mechanics can be translated to EBG- 
models by a relatively simple algorithm. So in this case the formalism is 
also proven complete, and it turns out that the EBG-models are generally 
more efficient for simulation than the Hamiltonian equations. 

5 All relations exhibited by the basic icons are linear, but, as mentioned 
earlier, non-linearities may be introduced by parametric feedback from 
levels to transformers and gyrators. Such non-linearities will contain a 
time-delay, but many systems of classical mechanics require simultaneous 
non-linear relations. Such relations can also be given by an EBG 
diagram. In figure 11 it is shown how a simultaneous rendering of the 
relations s=sin6 and c=cos6 is reticulated: 
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figure 1 1 Simultaneous reticulation of c=cos0 and s=sin9. 
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Finally, figure 12 shows how a complicated mechanical system — a 
double-pendulum — is fully reticulated with all its cosines and square- 
roots: 




Figure 12 Full reticulation of double-pendulum. 
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9. Perspectives 

Some biosemioticians are apprehensive about the dangers of physical 
reductionism. It must be admitted that EBG-formalism is an example of 
such reductionism, and even that it tries to carry physical reductionism 
to an extreme (by reducing basic physical concepts to even more basic 
semiotic concepts). Against such warnings I have several comments: 

1): Kurt Godel carried logical positivism to an extreme and found 
something on the other side of great importance to mathematics 
and philosophy. 

2) An EBG-model is always open to expansion into the environ- 
ment, except when the underlying theory demands a closure. 

3) Regarding Biosemiotics: An EBG model is a sign of a 
general idea and thus, as Peirce said (CP 6.270) a living entity 
analogous to a person. The variables in an EBG-model are always 
superposed, both with thermal noise and quantum-fluctuations, 
that may be regarded as "living feeling" and spontaneity. If it is 
reductionistic to use such models in biology, it is, at least, not a 
simplistic kind of reductionism. 

4) Regarding Quantum Mechanics: The EBG-formalism has a strong 
affinity to Quantum Mechanics, as it has to Relativity. If it 
becomes possible to construct an analog computer that can act out 
all the simultaneous feedbacks of EBG-models, it will be a 
quantum computer. The non-local constraints exhibited by the 
junctions give a simple explanation of Quantum-Non-Locality 
(the Einstein- Podolsky-Rosen experiments). Many other seeming- 
ly counter-intuitive quantum mechanical effects also appear as 
natural and understandable when viewed in the light of EBG- 
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reticulation of the physical sign-relations. A full investigation of 
this research program, called Quantum Semiotic, is in progress, 
but may take many years to complete. 

Lejre, July 1.2003 

Peder Voetmann Christiansen. 
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